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Abstract 
 
In recent decades the application of UV disinfection technology in water treatment has rapidly increased 
on a global scale, however important uncertainties remain regarding; the methods to achieve consistent 
and accurate measurement of polychromatic UV output, the fluence-response of microorganisms to UV 
wavelengths over the entire polychromatic lamp output range, and the optimal lamp conditions and 
compositions to optimise polychromatic UV disinfection performance. This research aimed to address 
each of these areas of uncertainty.  First, limitations in the existing methods that are used for lamp 
output measurement were identified and quantified in terms of their potential to cause significant 
errors in polychromatic UV fluence calculation; solutions are proposed to overcome these limitations in 
future polychromatic fluence measurements. Next, a novel experimental apparatus was constructed, 
achieving the necessary spectral requirements to produce a high resolution action spectra for 
waterborne microorganisms over the 200-300 nm wavelength range.  Application of this experimental 
setup to the comparison of the fluence-response of T1 and T1UV phage, common organisms used in UV 
reactor validation, identified important differences in UV sensitivity dependent on host selection, and 
high resolution action spectra were then produced for T1UV with two hosts over the full polychromatic 
UV range for the first time. Also, new viral surrogates were identified using a theoretical genomic model 
to predict their UV sensitivities, two of which were identified as having the potential to extend the 
upper UV fluence validation test limits. Finally, the production of a novel high pressure plasma discharge 
polychromatic lamp was achieved without the use of mercury, showing considerable potential for future 
applications.  
 
5 
  
Foreword 
 
I am extremely grateful in having the opportunity to conduct this research funded by EPSRC and Berson 
UV Techniek through the STREAM IDC. I would like to thank my academic supervisor Dr Michael 
Templeton for his support and insight throughout the project, particularly in the final stages of writing 
the thesis. I would like to thank my industrial supervisors Andrew Clark, James Wisbey and Mark Aston 
for their unwavering support and guidance throughout my doctoral experience which made the 
research possible.  
I would like to give special thanks and acknowledgement to Dr Kowalski who collaborated with the work 
in Chapter 6 completing the genomic predictions of the selected phage. I would like to give thanks to; 
Tom Hargy and Randi McCuin for provision of and assistance with methodology relating to the 
cultivation and T1UV methodology, Jason Millichamp for routing the holders for the QCB and providing 
access and training me to do the same for those used in the TLS, Leslie Lyons for initial support with 
spectral measurements and Dr Jim Bolton for provision of the actinometry methodology used and 
spectral refractive indexes in Chapter 5. 
I have had various support from Berson UV Techniek Hanovia Ltd throughout the project and would like 
to specifically thank Paul Buijs David Chambers, Steve Larner, Ivan Rodgers and John Ryan. Special 
thanks is given to Tony Sibley who has provided numerous support in aspects of lamp production which 
was so crucial in the completion of Chapter 7 and would not have been possible without it. 
My warmest thanks go to the generous support of my family throughout my entire studies and 
specifically to my wife Susanna without whose faithful support through the highs and the lows the 
project would have not been completed.  
6 
  
Table of Contents 
 
Declaration of Originality ............................................................................................................................. 2 
Copyright Declaration................................................................................................................................... 3 
Abstract ........................................................................................................................................................ 4 
Foreword ...................................................................................................................................................... 5 
Table of Contents ......................................................................................................................................... 6 
List of Tables ............................................................................................................................................... 10 
List of Figures .............................................................................................................................................. 12 
List of Equations ......................................................................................................................................... 18 
Glossary ...................................................................................................................................................... 19 
Table of Units ............................................................................................................................................. 22 
Published Work and Presentations ............................................................................................................ 23 
1. Introduction and Research Objectives ............................................................................................... 24 
1.1 Aims ............................................................................................................................................ 24 
1.2 Research Objectives ................................................................................................................... 24 
1.3 Description of chapters .............................................................................................................. 25 
2. Literature Review ............................................................................................................................... 27 
2.1 The Historic and Current Trends in Ultraviolet Technology ............................................................. 27 
2.2 Fundamental Principles of Inactivation ............................................................................................ 29 
2.21 Atomic/Molecular Interactions .................................................................................................. 29 
2.2.2 Molecular Damage .................................................................................................................... 33 
2.2.3 Inhibition of Molecular Damage ................................................................................................ 34 
2.3 Inactivation Kinetics and Hit Theory ................................................................................................ 38 
2.3.1 Hit Theory .................................................................................................................................. 38 
2.3.2 Multi-Target and Multi-Component Theories ........................................................................... 39 
2.4. Calculating UV Fluence .................................................................................................................... 41 
2.4.1 Fundamental Calculation of Monochromatic UV Fluence ........................................................ 41 
7 
  
2.4.2 Fundamental Calculation of Polychromatic UV Fluence ........................................................... 42 
2.4.3 Practical Considerations for Polychromatic UV Fluence ........................................................... 46 
2.5 Modern Developments in UV Quantification for UV Reactors: Validation of UV Systems .............. 48 
2.5.1 The Concept of Validation ......................................................................................................... 48 
2.5.2 Overview of Validation Protocols .............................................................................................. 49 
2.5.3. Limitations of Validation Protocols .......................................................................................... 50 
2.6 Technological developments in UV generation ............................................................................... 51 
2.7 Summary of the Literature Review and Areas for Research ............................................................ 53 
3. Factors Affecting Reproducible Bench -Scale Polychromatic UV Exposures ...................................... 55 
3.1 Aim ................................................................................................................................................... 55 
3.2 Literature Review ............................................................................................................................. 55 
3.3 Objectives ......................................................................................................................................... 57 
3.4 Method ............................................................................................................................................. 57 
3.5 Results .............................................................................................................................................. 60 
3.6 Discussion ......................................................................................................................................... 70 
3.7 Conclusion and Recommendations .................................................................................................. 73 
4. Methodological Development to Produce a High Resolution Action Spectrum ................................ 75 
4.1 Chapter Aim ...................................................................................................................................... 75 
4.2 Literature Review ............................................................................................................................. 75 
4.3 Chapter Objectives ........................................................................................................................... 78 
4.4 Method Development ...................................................................................................................... 78 
4.5 Other Important Methodological Factors ........................................................................................ 87 
4.6 Summary .......................................................................................................................................... 89 
5. Producing a High-Resolution Action Spectrum for T1UV Phage ........................................................ 91 
5.1 Chapter Aim ...................................................................................................................................... 91 
5.2 Literature Review ............................................................................................................................. 91 
5.3 Chapter Objectives ........................................................................................................................... 95 
5.4 Methodology .................................................................................................................................... 95 
5.5 Results .............................................................................................................................................. 97 
8 
  
5.6 Discussion ....................................................................................................................................... 108 
5.7 Conclusions and Recommendations .............................................................................................. 109 
6. Genetic Identification of Suitable Viral Surrogates for UV Reactor Validation for Water Disinfection                                    
………. ......................................................................................................................................................... 110 
6.1 Aim ................................................................................................................................................. 110 
6.2 Literature Summary ........................................................................................................................ 110 
6.3 Objectives ....................................................................................................................................... 113 
6.4 Methodology .................................................................................................................................. 113 
6.5 Results ............................................................................................................................................ 113 
6.6 Discussion ....................................................................................................................................... 119 
6.7 Conclusion and Recommendations ................................................................................................ 121 
7. A Novel Approach to Generate Ultraviolet Radiation Optimised for the Disinfection of Water ..... 122 
7.1 Aim ................................................................................................................................................. 122 
7.2 Literature Summary ........................................................................................................................ 122 
7.2.1 Overview of UV Sources and Criteria for Selection of Light Source Optimisation .................. 122 
7.2.2 Summary and Conclusions for Ultraviolet Source Selection ................................................... 128 
7.3 Design Concept for Ultra Efficient High Pressure Ultraviolet Source ............................................. 129 
7.3.1 Design Objectives .................................................................................................................... 129 
7.3.2 Design Concept, Rationale and Potential Difficulties .............................................................. 130 
7.3.3 Spectral Selection of Potential Elemental Candidates ............................................................ 131 
7.3.4 Comprehensive Spectral Assessment of Potential Candidates ............................................... 134 
7.3.5 Functional Assessment ............................................................................................................ 139 
7.3.6 Review of Patented Technology Relating to the Use of Relevant Halides .............................. 145 
7.3.7 Summary of Critical Aspects Relating to Lamp Design Proposal ............................................. 149 
7.3.8 Practical Details of Design Proposal ........................................................................................ 149 
7.4 Methodology .................................................................................................................................. 151 
7.5 Results ............................................................................................................................................ 152 
7.6 Discussion ....................................................................................................................................... 165 
7.7 Conclusion and Recommendations ................................................................................................ 168 
9 
  
8. Discussion ......................................................................................................................................... 169 
9. Industrial Implications of the Thesis Findings .................................................................................. 171 
10. Conclusions ................................................................................................................................... 176 
11. References .................................................................................................................................... 178 
12. Appendix A- Additional Information ............................................................................................ 192 
12.1 Additional Design Information for Chapter 3 – Design Specifications for QCB Holders .............. 192 
12.2 Additional Design Information for Chapter 4 ............................................................................... 193 
12.21 Additional Information for Experimental Design ................................................................... 195 
12.3 Additional Information T1 and T1UV Comparison ....................................................................... 201 
12.4 Additional Data for Statistical Analysis ......................................................................................... 202 
13. Appendix B- Methods and Materials ............................................................................................ 225 
13.1 T1 and T1UV Media Specifications ............................................................................................... 225 
13.1 T1 and T1UV Propagation............................................................................................................. 226 
13.2 T1 and T1UV Enumeration ........................................................................................................... 227 
13.3 Photos relating to T1 and T1UV Propagation and Enumeration .................................................. 227 
13.4 Actinometry Protocol using KI/KIO3 ............................................................................................. 228 
13.5 Spectral Data for Lamp Germicidal Calculations (Chapter 7) ....................................................... 229 
14. Appendix C- QA/QC ...................................................................................................................... 230 
14.1 Calibration of Spectroradiometer for Use in Chapter 4 and 5 ..................................................... 230 
14.2 Verification of Spectroradiometer Measurements ...................................................................... 234 
14.3 Measurements and Verification of Measuring Equipment .......................................................... 235 
 
10 
  
List of Tables 
 
Table 2.1 Proportion of dimer photoproducts formed with thymine and cytosine as components at 
265nm and 280nm ..................................................................................................................................... 34 
Table 2.2 Overview of technical details from core validation protocols (adapted from Sommer et al 
(2008) and EPA (2006))............................................................................................................................... 50 
Table 2.3 Characteristics of LP, LP amalgam and MP lamps (adapted from Dussert (2005)) .................... 52 
Table 3.1  Example UV fluence calculations based on different lamp emission spectra and water 
matrices. ..................................................................................................................................................... 73 
Table 4.1 Information from key action spectra publications ..................................................................... 76 
Table 4.2 Performance results of TLS in original configuration ................................................................. 80 
Table 4.3 Mean irradiance values from data set 1 (Table 4.1) and data set 2 (Table 4.2) ......................... 87 
Table 4.4 Results from comparing irradiance measurements from LP QCB using actinometry to that from 
DM150 spectroradiometer and IL1700 radiometer ................................................................................... 88 
Table 4.5 Summary of results comparing inactivation of T1 phage (ATCC 11303-B1) using host (ATCC 
11303)......................................................................................................................................................... 89 
Table 5.1 UV sensitivity of microbial surrogates at 253.7nm commonly used or proposed in the UVDGM 
(adapted from EPA (2006)) ......................................................................................................................... 92 
Table 5.2 UV sensitivity of key target pathogens at 253.7nm (adapted from EPA (2006)) ....................... 93 
Table 5.3 Fluences required for described log reduction of T1 and T1UV phage with hosts ATCC 11303 
and ATCC 700609 based on linear equations displayed in Figure 5.2 and Figure 5.3................................ 99 
Table 6.1 Details of potential viral surrogates and model predictions .................................................... 116 
Table 7.1 Dominant three spectral lines for the transition metals using relative figures of a neutral atom
 .................................................................................................................................................................. 132 
Table 7.2 Dominant three spectral lines for the post transition metals using relative figures of a neutral 
atom ......................................................................................................................................................... 133 
Table 7.3 Dominant three spectral lines for the metalloids using relative figures of a neutral atom ..... 133 
Table 7.4 Critical physical properties of identified elemental candidates for MH lamp fillings .............. 134 
Table 7.5 Dominant spectral lines from neutral and singly ionized tellurium (adapted from Sansonettie 
and Martin (2013)) ................................................................................................................................... 135 
Table 7.6 Dominant spectral lines from neutral and singly ionized antimony (adapted from (Sansonettie 
and Martin (2013)) ................................................................................................................................... 135 
Table 7.7 Dominant spectral lines from neutral and singly ionized antimony (adapted from Sansonettie 
and Martin (2013)) ................................................................................................................................... 137 
11 
  
Table 7.8 Weighting of spectral emission lines for iodine, antimony and tellurium adapted from 
Sansonettie and Martin (2013) ................................................................................................................ 138 
Table 7.9 Ionization energies for mercury, iodine, antimony and tellurium adapted from (Kramida, 
Ralchenko and Reader (2013) .................................................................................................................. 139 
Table 7.10 Conductivity of elements at specified temperatures, information adapted from the AIPH 
(American institute of Physics Handbook) (1963) .................................................................................... 141 
Table 7.11 Chemical properties of tellurium and antimony halides adapted from Holleman and Wiberg 
(1995) ....................................................................................................................................................... 142 
Table 7.12 Patents relating to Te/Sb MH lamp ........................................................................................ 146 
Table 7.13 Initial Te Prototype Specification ........................................................................................... 150 
Table 7.14 Details of the comparative Hg lamps considered ................................................................... 150 
Table 7.15 Finalised lamp fillings for halide prototypes .......................................................................... 153 
Table 7.16 Performance details ............................................................................................................... 155 
Table 9.1 Costs relating to reactor modifications .................................................................................... 175 
Table 9.2 Project cost summary ............................................................................................................... 175 
Table 12.1 Statistical assessment by day/run .......................................................................................... 215 
Table 12.2 Temperature measurements during AS measurements ........................................................ 224 
Table 13.1 Constituent details of tryptone soya broth ............................................................................ 225 
Table 13.2 Constituent details of alternative tryptone soya broth .......................................................... 225 
Table 13.3 Constituent details of tryptone soya agar bottom layer + glucose ........................................ 226 
Table 13.4 Constituent details of tryptone soya agar top layer ............................................................... 226 
Table 13.5 Constituent details of calcium chloride/glucose solution ...................................................... 226 
Table 14.1 Comparison of LP measurements in QB in the same conditions using different 
spectroradiometer calibration files .......................................................................................................... 234 
Table 14.2 Comparison of LP measurements in QCB using calibration from the 01/11/13 with a single 
verification using calibration from 30/10/13 ........................................................................................... 235 
Table 14.3 Measurement of custom glass petri dishes (24/05/13) ......................................................... 235 
Table 14.4 Measurement of larger custom quartz petri dishes (19/09/13) ............................................ 236 
Table 14.5 Measurement of smaller custom quartz petri dishes (19/09/13) .......................................... 237 
Table 14.6 Verification of pipette dispensing with deionised water dispensed and measured on digital 
balance (02/07/13) ................................................................................................................................... 237 
Table 14.7 Verification of pipette volumes throughout biological practical Chapters 4 and 5. Deionized 
water dispensed and measured with laboratory balance ........................................................................ 238 
 
12 
  
List of Figures 
 
Figure 2.1 Model of Bohr atom (Left) adapted from Anon (2014) and Energy Level Diagram for an atom 
(Right) adapted from Jagger (1967) ........................................................................................................... 30 
Figure 2.2 Ultraviolet absorbance of purine and pyrimidine bases at pH7 (adapted from Davidson (1965))
 .................................................................................................................................................................... 31 
Figure 2.3 Spectral absorbance of DNA and protein (adapted from Harm (1980)) ................................... 31 
Figure 2.4 Diagrammatic representation of molecular transition of energy, adapted from Barrow (1964)
 .................................................................................................................................................................... 32 
Figure 2.5  Schematic representation of possible biological consequences following photon absorption in 
DNA (adapted from Harm (1980)) .............................................................................................................. 33 
Figure 2.6 Absorbance of thymine, UV irradiated thymine, thymine dimer and the action spectrum of 
thymine dimer monomerisation (adapted from Harm (1980)) ................................................................. 35 
Figure 2.7 The degree of dimerisation from UV exposure at 280nm followed by 240nm (Deering, 1962)
 .................................................................................................................................................................... 36 
Figure 2.8  Application of the Poisson distribution for hits ranging from 1-5 and a fluence range of 1-10 
with a c value of 6. ..................................................................................................................................... 39 
Figure 2.9 Comparison of fluence curves for 3 target and 3 hit based curves compared to 1 hit 1 target 
curve (adapted from Harm (1980)) ............................................................................................................ 40 
Figure 2.10 An example of multi-component theory using a two component curve (adapted from Harm 
(1980)) ........................................................................................................................................................ 41 
Figure 2.11 The action spectrum used to define germicidal sensitivity by Meulemans (1987) ................ 43 
Figure 2.12 Verification of polychromatic fluence model described in Equation 8, using MS2 in two water 
matrices – buffered and wastewater effluent post membrane filtration, (adapted from Havelaar et al 
(1990)) ........................................................................................................................................................ 44 
Figure 2.13 Bench scale UV fluence inactivation kinetics for Adenovirus serotype 2 using LP and MP 
radiation (adapted from Linden et al (2009))............................................................................................. 46 
Figure 2.14 Diagrammatic representation of a ‘Collimated Beam’ and exposure of a sample in a Petri 
dish below .................................................................................................................................................. 47 
Figure 2.15 Relative spectral sensitivity of a UV sensor, Adenovirus, Cryptosporidium and MS2 phage 
(adapted from Wright, Heath and Bandy (2011)) ...................................................................................... 51 
Figure 2.16 Future predicted trends of UV ER sources  ............................................................................. 53 
Figure 3.1 Published MP QCB spectral data adapted from Bolton and Linden, (2003)  and Kuo, Chen and 
Nellor (2003)  .............................................................................................................................................. 55 
13 
  
Figure 3.2 Published MP QCB spectral data adapted from Guo, Hu and Bolton (2003)  and Lyon et al 
(2012)  ........................................................................................................................................................ 56 
Figure 3.3 Photo of spectroradiometers  ................................................................................................... 58 
Figure 3.4 Diagrammatic representation of the experimental setup for spectral measurements (side 
elevation) .................................................................................................................................................... 59 
Figure 3.5 Diagrammatic representation of the experimental setup for spectral measurements in 
experiments 2A, 2B and 2C.  ...................................................................................................................... 60 
Figure 3.6 Calibration and verification of spectroradiometers measured based on 30 averages ............. 61 
Figure 3.7  Measurement of spectral emission from a MP lamp using the mean of three measurements 
based upon 15 averages (no post scan correction – measured with OO2000 as per Figure 3.4) ............. 62 
Figure 3.8 Measurement of spectral emission from a MP lamp using the mean of three measurements 
based upon 15 averages (corrected to 1nm data points - measured with OO2000 as per Figure 3.4) ..... 63 
Figure 3.9 Measurement of spectral emission from a MP lamp using the mean of three measurements 
based upon 30 averages (no post scan correction - measured with OO2000 as per Figure 3.4) .............. 63 
Figure 3.10 Measurement of spectral emission from a MP lamp using the mean of three measurements 
based upon 30 averages (corrected to 1nm data points - measured with OO2000 as per Figure 3.4) ..... 64 
Figure 3.11 Measurement of spectral emission from a MP lamp using cooled OO2000 and 10 minutes 
post cooling ................................................................................................................................................ 65 
Figure 3.12 Transmission of QCB quartz window with increasing temperature ....................................... 66 
Figure 3.13 Measurement of spectral emission from a MP lamp with decreasing pinch temperature and 
associated lamp voltage ............................................................................................................................. 67 
Figure 3.14 Measurement of horizontal MP lamp at differing angles around its axis ............................... 68 
Figure 3.15 Measurement of spectral irradiance of trial lamps running in QCB ....................................... 69 
Figure 3.16 Photographs of lamp arcs with lamp body (position of quartz envelope of lamp depicted by 
dotted lines). .............................................................................................................................................. 69 
Figure 3.17  Absorbance of example water matrices and DNA. ................................................................ 72 
Figure 3.18 Lamp spectra used in the example fluence calculations. ........................................................ 72 
Figure 4.1 Spectral Irradiance at 0.5m of a 200W high pressure short arc Hg lamp and 150W high 
pressure xenon lamp with a synthetic quartz sleeve (adapted from Anon(b) (2014)) .............................. 78 
Figure 4.2 Schematic of original Tuneable Light Source (Plan View) ......................................................... 79 
Figure 4.3 Spectral emission of concept lamps for adaptation to tuneable light source .......................... 81 
Figure 4.4 Schematic of adapted Tuneable Light Source (Plan View) ........................................................ 82 
Figure 4.5 Construction of the final design of the Tuneable Light Source ................................................. 84 
Figure 4.6 Measured spectral irradiance from TLS final design ................................................................. 85 
Figure 4.7 Graphical representation of TLS holder designs for petri dish and detector ............................ 86 
Figure 4.8 Custom quartz petri dishes used in TLS exposures (scale on ruler in mm) ............................... 86 
14 
  
Figure 5.1 UV Fluence inactivation relationship at 254nm adapted from Harm (1980) for T1 and T3 
phage. ......................................................................................................................................................... 93 
Figure 5.2 Fluence-inactivation relationships for T1 with hosts 11303 and 700609 using a LP lamp ....... 97 
Figure 5.3 Fluence-inactivation relationships for T1UV with hosts 11303 and 700609 using a LP lamp .. 98 
Figure 5.4 Raw inactivation AS data for T1UV phage and host 700609 ................................................... 100 
Figure 5.5 Raw inactivation AS data for T1UV phage and host 700609 for 230nm and 240 nm ............. 100 
Figure 5.6 Raw inactivation AS data for T1UV phage and host 700609 for 290nm and 300nm .............. 101 
Figure 5.7 Raw inactivation AS data for T1UV phage and host 11303 ..................................................... 101 
Figure 5.8 Raw inactivation AS data for T1UV phage and host 11303 for 230nm and 240nm ................ 102 
Figure 5.9 Raw inactivation AS data for T1UV phage and host 11303 for 290nm and 300nm ................ 102 
Figure 5.10 High resolution energy-based action spectra of T1UV with host 700609 suspended in a 
RO/PBS matrix at 27°C.............................................................................................................................. 103 
Figure 5.11 High resolution energy-based action spectra of T1UV with host 11303 suspended in a 
RO/PBS matrix at 27°C.............................................................................................................................. 103 
Figure 5.12 High resolution photon-based action spectra of T1UV with host 700609 suspended in a 
RO/PBS matrix at 27°C.............................................................................................................................. 104 
Figure 5.13 High resolution photon-based action spectra of T1UV with host 11303 suspended in a 
RO/PBS matrix at 27°C.............................................................................................................................. 104 
Figure 5.14 Comparison of T1UV high resolution action spectrum data for hosts 113030 and 700609 
taken at 2-log reduction ........................................................................................................................... 105 
Figure 5.15 Inactivation relationship with T1UV and host 11303 using MP lamp with doped sleeve..... 106 
Figure 5.16 Inactivation relationship with T1UV and host 11303 using MP lamp with no sleeve ........... 106 
Figure 5.17 Inactivation relationship with T1UV and host 700609 using MP lamp with doped sleeve .. 107 
Figure 5.18 Inactivation relationship with T1UV and host 700609 using MP lamp with no sleeve ......... 107 
Figure 6.1 Results adapted from Kowalski (2011) display the calculated dimerisation value for DNA 
phage compared to known UV sensitivities (R2 value = 0.91). ................................................................. 112 
Figure 6.2 Single stranded DNA viral model and predicted surrogate UV sensitivities ........................... 114 
Figure 6.3 Double stranded DNA viral model and predicted surrogate UV sensitivities ......................... 115 
Figure 7.1 Diagrammatic representation of key features of a Low Pressure mercury discharge ............ 123 
Figure 7.2 Diagrammatic representation of key features of a High Pressure mercury discharge ........... 124 
Figure 7.3 The relationship between the temperature of Hg atoms/ions and electrons in relation to 
pressure (adapted from Phillips (1983)) .................................................................................................. 125 
Figure 7.4 The luminous efficiency of a mercury plasma discharge in relation to pressure (adapted from 
Kitsinelis (2011)) ....................................................................................................................................... 126 
Figure 7.5 Diagrammatic representation of key features of a metal halide and mercury lamp .............. 127 
Figure 7.6 Diagrammatic representation of halide cycle from lamp wall to lamp arc ............................. 128 
15 
  
Figure 7.7 Spectral data points for tellurium from all ionization levels adapted from (Kramida, Ralchenko 
and Reader, (2012) ................................................................................................................................... 135 
Figure 7.8 Spectral data points for antimony from all ionization levels adapted from (Kramida, Ralchenko 
and Reader, (2012) ................................................................................................................................... 136 
Figure 7.9 Spectral data points for iodine from all ionization levels adapted from (Kramida, Ralchenko 
and Reader, (2012) ................................................................................................................................... 137 
Figure 7.10 Vapour pressure curves for potential lamp fillings in respect to temperature (I2, Te2I2 and 
TeBr4 adapted from Derra and Nielman (2003) and Hg and SbI3 adapted from Phillips (1983)) ............. 144 
Figure 7.11 Spectral output from concept antimony lamp (adapted from Schafer (1976)) .................... 147 
Figure 7.12 Spectral output from tellurium concept lamp, adapted from Turner (1994) ....................... 147 
Figure 7.13 Spectral output of lamp (adapted) from Kaas and Ebert (2004) ........................................... 148 
Figure 7.14 Germicidal weightings for determination of lamp germicidal efficiencies ........................... 152 
Figure 7.15 Mercury lamp 18mm Lamp A ................................................................................................ 157 
Figure 7.16 Mercury lamp 15mm Lamp A ................................................................................................ 157 
Figure 7.17 Lamp 18mm IIB ...................................................................................................................... 157 
Figure 7.18 Lamp 15mm IIB ...................................................................................................................... 157 
Figure 7.19 Lamp 18mm IIIB ..................................................................................................................... 158 
Figure 7.20 Lamp 18mm VB ..................................................................................................................... 158 
Figure 7.21 Lamp 15mm VB ..................................................................................................................... 158 
Figure 7.22 Lamp 18mm VIA .................................................................................................................... 159 
Figure 7.23 Lamp 18mm VIIC ................................................................................................................... 159 
Figure 7.24 Lamp 15mm VIA .................................................................................................................... 159 
Figure 7.25 Lamp 15mm VIIA ................................................................................................................... 160 
Figure 7.26 Mean spectral output of mercury lamps............................................................................... 161 
Figure 7.27 Mean spectral output of 18mm diameter prototype lamps of design III, IV and V. ............. 162 
Figure 7.28 Mean spectral output of 15mm diameter prototype lamps of design III, IV and V. ............. 163 
Figure 7.29 Mean spectral output of 18mm diameter prototype lamps of design VI and VII. ................ 164 
Figure 7.30 Mean spectral output of 15mm diameter prototype lamps of design VI and VII. ................ 165 
Figure 12.1 Design information for petri dish holders ............................................................................. 192 
Figure 12.2 Image of holder for DM150 detector (left), holder for petri dish (Right A), SED240QNDS2 
detector (Right B) and IL1700 radiometer (Right C) ................................................................................. 193 
Figure 12.3 Graphical representation of holder designs for petri dish (left) and DM150 detector (right).
 .................................................................................................................................................................. 194 
Figure 12.4 Technical drawings of lower section of lamp bracket for initial tuneable light source 
adaptation (dimension specified in mm) ................................................................................................. 195 
16 
  
Figure 12.5 Technical drawings of upper section of lamp brackets for initial tuneable light source 
adaptation ................................................................................................................................................ 196 
Figure 12.6 Technical drawings of base block used for mount of petri dish/spectroradiometer detector
 .................................................................................................................................................................. 197 
Figure 12.7 Technical drawings of block used to hold spectroradiometer detector ............................... 198 
Figure 12.8 Technical drawings of lower block to hold petri dish ............................................................ 199 
Figure 12.9 Technical drawings of upper block to hold petri dish ........................................................... 200 
Figure 12.10 Fluence-inactivation relationships for T1 with hosts 11303 and 700609 with linear 
relationship for each run displayed .......................................................................................................... 201 
Figure 12.11 Fluence-inactivation relationships for T1UV with hosts 11303 and 700609 with linear 
relationship for each run displayed .......................................................................................................... 201 
Figure 12.12 Probability plot of 49 J m-2 target fluence with T1 phage and host 11303  ........................ 202 
Figure 12.13 Distribution histogram using 5 bins from 49 J m-2 target fluence data using T1 phage and 
host 11303 ................................................................................................................................................ 203 
Figure 12.14 Probability plot of 98 J m-2 target fluence with T1 phage and host 11303  ........................ 203 
Figure 12.15 Distribution histogram using 5 bins from 98 J m-2 target fluence data using T1 phage and 
host 11303 ................................................................................................................................................ 204 
Figure 12.16 Probability plot of 147 J m-2 target fluence with T1 phage and host 11303  ...................... 204 
Figure 12.17 Distribution histogram using 5 bins from 147 J m-2 target fluence data using T1 phage and 
host 11303 ................................................................................................................................................ 205 
Figure 12.18 Probability plot of 49 J m-2 target fluence with T1 phage and host 700609  ...................... 206 
Figure 12.19 Distribution histogram using 5 bins from 49 J m-2 target fluence data using T1 phage and 
host 700609 .............................................................................................................................................. 206 
Figure 12.20 Probability plot of 98 J m-2 target fluence with T1 phage and host 11303  ........................ 207 
Figure 12.21 Distribution histogram using 5 bins from 98 J m-2 target fluence data using T1 phage and 
host 700609 .............................................................................................................................................. 207 
Figure 12.22 Probability plot of 147 J m-2 target fluence with T1 phage and host 11303  ...................... 208 
Figure 12.23 Distribution histogram using 5 bins from 147 J m-2 target fluence data using T1 phage and 
host 700609 .............................................................................................................................................. 208 
Figure 12.24 Probability plot of 42 J m-2 target fluence with T1UV phage and host 11303  ................... 209 
Figure 12.25 Distribution histogram using 5 bins from 42 J m-2 target fluence data using T1UV phage and 
host 11303 ................................................................................................................................................ 209 
Figure 12.26 Probability plot of 84 J m-2 target fluence with T1UV phage and host 11303  ................... 210 
Figure 12.27 Distribution histogram using 5 bins from 84 J m-2 target fluence data using T1UV phage and 
host 11303 ................................................................................................................................................ 210 
Figure 12.28 Probability plot of 126 J m-2 target fluence with T1UV phage and host 11303  ................. 211 
17 
  
Figure 12.29 Distribution histogram using 5 bins from 126 J m-2 target fluence data using T1UV phage 
and host 11303 ......................................................................................................................................... 211 
Figure 12.30 Probability plot of 42 J m-2 target fluence with T1UV phage and host 700609  ................. 212 
Figure 12.31 Distribution histogram using 5 bins from 42 J m-2 target fluence data using T1UV phage and 
host 700609 .............................................................................................................................................. 212 
Figure 12.32 Probability plot of 84 J m-2 target fluence with T1UV phage and host 700609  ................. 213 
Figure 12.33 Distribution histogram using 5 bins from 84 J m-2 target fluence data using T1UV phage and 
host 700609 .............................................................................................................................................. 213 
Figure 12.34 Probability plot of 126 J m-2 target fluence with T1UV phage and host 700609  ............... 214 
Figure 12.35 Distribution histogram using 5 bins from 126 J m-2 target fluence data using T1UV phage 
and host 700609 ....................................................................................................................................... 214 
Figure 12.36 Raw inactivation photon based AS data for T1UV phage and host 700609 (Graph 1) ....... 221 
Figure 12.37 Raw inactivation photon based AS data for T1UV phage and host 700609 (Graph 2) ....... 221 
Figure 12.38 Raw inactivation photon based AS data for T1UV phage and host 700609 (Graph 3) ....... 222 
Figure 12.39  Raw inactivation photon based AS data for T1UV phage and host 11303 (Graph 1) ........ 222 
Figure 12.40 Raw inactivation photon based AS data for T1UV phage and host 11303 (Graph 2) ......... 223 
Figure 12.41 Raw inactivation photon based AS data for T1UV phage and host 11303 (Graph 3) ......... 223 
Figure 13.1 Images of E.coli 11303 and 700609 and Phage T1UV ........................................................... 227 
Figure 14.1: Verification of spectroradiometer calibration 09/0913 using calibration certificate 143455
 .................................................................................................................................................................. 230 
Figure 14.2: Calibration certificate for lamp used on 09/09/13 and 30/10/13 ....................................... 231 
Figure 14.3 Verification of spectroradiometer calibration 09/09/13 using calibration certificate 143455
 .................................................................................................................................................................. 232 
Figure 14.4 Verification of spectroradiometer calibration 01/11/13 using calibration certificate 159104
 .................................................................................................................................................................. 232 
Figure 14.5  Calibration certificate for lamp used on 01/11/13 ............................................................... 233 
Figure 14.6 Verification of calibration using the same calibration of original calibration. ...................... 234 
Figure 14.7 Calibration certificate for PM6000 power analyser .............................................................. 240 
 
18 
  
List of Equations 
 
Equation 1 The dimerisation and monomerisation of thymine ................................................................. 35 
Equation 2 Multiple hits with a single target – Poisson equation .............................................................. 38 
Equation 3 Poisson equation at 0 hits ........................................................................................................ 38 
Equation 4 Calculation of UV Fluence ........................................................................................................ 41 
Equation 5 Representation of change in fluence to measure outcome .................................................... 42 
Equation 6 UV Flence- Integrated .............................................................................................................. 42 
Equation 7 Practical application of UV flence ............................................................................................ 42 
Equation 8 Calculation of effective irradiance ........................................................................................... 43 
Equation 9 Polychromatic calcualtion of fluence proposed ...................................................................... 44 
Equation 10 Calculation of Dimerisation Potential for genomic model ................................................... 112 
Equation 11 Calculation of additional hyperprimer value in addition to primer value ........................... 112 
Equation 12 Thermal decomposition of tellurium tetraiodide in the vapour phase ............................... 142 
Equation 13 Sublimation and deposition of tellurium dihalide ............................................................... 143 
Equation 14 Sublimation and deposition of tellurium tetraiodide .......................................................... 143 
Equation 15 Thermal decomposition of iodine in the gas phase at temperatures above 600°C ............ 143 
Equation 16 Thermal decomposition of tellurium in the gas phase at temperatures above 600°C ........ 143 
 
 
 
 
 
 
 
 
 
 
 
19 
  
Glossary 
 
Symbols and abbreviations and definitions used throughout this document are described below. Where 
contradiction was found in the chemical units used throughout literature, those proposed by Braslavsky 
(2007) were selected.  
aλ Absorption coefficient at a specific wavelength (lambda (λ) denoting the 
wavelength in question e.g. the symbol for the absorption coefficient at 
254nm is a254) 
Aλ Absorbance at a specific wavelength (lambda denoting the wavelength 
in question (as per example above)) 
AS Action Spectrum/Spectra 
BP Boiling point 
CNC Computer Numerical Control 
DBP    Disinfection by-product(s)  
DNA    Deoxyribonucleic acid 
DSDNA Double Stranded Deoxyribonucleic Acid 
DVGW    German association for gas and water 
DWI    Drinking Water Inspectorate for England and Wales 
E       Irradiance 
EEF    Electrical Energy Dose 
Eo      Fluence Rate 
ER    Electromagnetic Radiation 
Etc    And so forth 
e.g.    For example 
EPA    United States Environmental Protection Agency 
Fo    Fluence 
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GHE    Green House Emissions 
HDPE    High Density Polyethylene 
H0    Null hypothesis 
H1    Alternative hypothesis 
HR AS    High Resolution Action Spectrum/Spectra 
i.e.    That is 
ID    Internal Diameter 
IUVA    International Ultraviolet Association 
LP    Low Pressure (referring to the internal pressure of a mercury lamp) 
LTE    Local Thermal Equilibrium 
MP Medium Pressure (in reference to internal pressure of a mercury lamp) 
MS2    Single stranded RNA Male Specific coliphage  
NCIB    National Center for Biotechnology Information 
ÖNORM   Austrian institute of standards 
PBS    Phosphate Buffered Saline 
Phage    Abbreviation for bacteriophage 
PFU    Plaque Forming Unit 
QCB Quasi Collimated Beam 
RNA Ribonucleic acid 
SSDNA    Single Stranded Deoxyribonucleic Acid 
TLS Tuneable Light Source 
USA United States of America 
UV    Ultraviolet radiation 
UVT     Ultraviolet transmission (principally relating to water transmission) 
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UVDGM   Ultraviolet Disinfection Guidance Manual  
WHM    Width at Half Maximum 
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Table of Units 
 
Units used throughout this document are stated below.  
W    Watt 
°    Degrees  
°C    Degrees Celsius 
Torr Unit of pressure (1.33 mbar to 1 torr) 
mbar    Unit of pressure (1 bar x 10-3) 
Lm    Lumens 
Bar Unit of pressure 
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1. Introduction and Research Objectives 
 
1.1 Aims 
The overall aim of the research was to further the understanding of polychromatic fluence in ultraviolet 
(UV) water treatment and thereby improve confidence in its application and facilitate its optimisation 
for the benefit of consumers and the environment. 
1.2 Research Objectives   
 
Objective 1: To answer the question: Is the current experimental methodology that is used to assess 
polychromatic UV fluence accurate, robust and representative of the output of polychromatic UV 
disinfection reactors? This was achieved by assessing the current bench scale polychromatic UV 
experimental methodology and making improvements to enable optimal experimental assessment 
of polychromatic fluence. 
Objective 2: To answer the question: Can a high resolution action spectrum be produced across the 
complete germicidal range enabling accurate calculation of fluence delivered by medium pressure 
polychromatic UV lamps? This was achieved by assessing the methods used to produce microbial 
action spectra to-date and proposing and testing an improved approach. 
Objective 3: To answer the question: What is the spectral sensitivity (action spectrum) of T1 phage 
and how do the variables in the measurement of this UV sensitivity affect the calculation of 
polychromatic fluence? This was achieved by producing a high resolution complete (200-300nm) 
germicidal action spectrum for T1 phage and T1UV phage using two host organisms and considering 
the variations in action spectra on polychromatic fluence calculations.   
Objective 4: To answer the question: Can new viral surrogates be identified with desirable fluence-
response qualities to improve the accuracy of UV reactor validation and extend the upper limits of 
fluence that are testable in reactor validations? This was achieved by applying a theoretical genomic 
model to predict UV sensitivities of a range of new potential surrogate organisms. 
Objective 5: To answer the question: Is it possible to produce a functional high pressure 
polychromatic UV lamp with a greater spectral efficiency to that which is currently available with 
medium pressure mercury arc discharge lamps? This was achieved by returning to the fundamental 
principles of high pressure plasma discharges and designing new mercury-free lamps, with the lamp 
contents optimised to produce ideal spectral outputs for polychromatic UV disinfection. 
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1.3 Description of chapters 
 
Chapter 2 Literature Review 
Literature is presented and critiqued, providing a general overview on the subject of UV disinfection, 
which is continued in greater detail at the beginning of each subsequent chapter, summarising the 
literature of specific relevance to the topic of that chapter. The summarised literature includes the 
historical application of UV treatment, fundamental concepts of molecular photon interactions, 
development of UV generation technologies including polychromatic UV sources and aspects 
relating to the calculation of polychromatic fluence. 
Chapter 3 Factors Affecting Reproducible Bench-Scale Polychromatic UV Exposures  
Results are presented and discussed from an investigation into the factors influencing reproducible 
application of polychromatic UV fluences in bench-scale UV exposures. The focus of investigation is 
two fold: firstly to ensure the most suitable methodology for absolute spectral measurements, and 
secondly to understand and mitigate the variations in spectral irradiance measurements when 
following the methodologies published in the literature to-date. Practical changes to both 
experimental methodology and equipment were made on the basis of results found, these being 
described in the latter part of the chapter.  
Chapter 4 Methodological Development to Produce a High Resolution Action Spectrum 
A design specification is presented to enable the optimum production of high resolution action 
spectra. The design and development process of a Tuneable Light Source (TLS) is described to 
attempt to meet this specification, including verification of performance against that of the standard 
Quasi Collimated Beam experimental apparatus. The final design solution comprised of two 
adjoined TLS units producing a combined spectral bandwidth of 7.5nm enabling a spectral range 
from 205-300nm. This is the greatest spectral range produced for a germicidal action spectrum using 
equal spectral bandwidths below 10nm to-date. 
Chapter 5 Production of a High Resolution Action Spectrum for T1UV Phage 
To ascertain the most suitable viral surrogate for Cryptosporidium, UV sensitivity was measured for 
T1 phage and T1UV phage with two bacterial hosts. The host-dependent variations in sensitivity of 
the phage had not previously been identified or discussed in UV validation methodology.  This ability 
to `select’ changes in UV sensitivity could reduce the uncertainty of fluence calculation and 
therefore optimise validation. Novel high resolution action spectra were produced for T1UV phage 
using both hosts, calculated using both energy-based and photon-based units, both of which 
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support the theoretical approach to polychromatic fluence calculation during verification against 
medium pressure polychromatic collimated beam exposures.   
Chapter 6 Genetic Identification of Suitable Viral Surrogates for UV Reactor Validation for Water 
Disinfection 
A novel genomic investigation is presented to predict UV sensitivities of selected non-pathogenic 
bacteriophage as potential novel viral surrogates. Over 180 phage were assessed and subsequent to 
further selection, UV sensitivity modelling identified three phage which have the potential to 
increase the accuracy of reactor validation and extend the window of validation to higher UV 
fluences. 
Chapter 7 A Novel Approach to Generate Ultraviolet Radiation Optimised for the disinfection of 
Water  
Investigations into the current and likely development of future UV generation sources highlighted 
the need for the development of a high UV-density source with an increased efficiency. The chapter 
begins with a review of the principles of high pressure plasma discharges from which a unique 
design using a mixture of metal halides was produced from first principles. A novel plasma discharge 
primarily composed of a Tellurium Iodide is then presented and characterised.  
Chapter 8 Discussion 
The findings of the research are discussed with summary details being provided for each research 
chapter identifying the potential impact of the findings and providing recommendations for future 
research. 
Chapter 9 Industrial Implications of Findings 
The findings of the research is assessed both in relation to its direct and indirect implications to the 
project sponsors including that of a project cost and analysis from defined costs.  The direct benefits 
from the research of each chapter are discussed focussing on areas of beneficial future 
development from an industrial perspective. 
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2. Literature Review 
Introduction 
The use of ultraviolet (UV) radiation for the disinfection of water fundamentally involves the conversion 
of electrical energy to that of electromagnetic radiation to produce advantageous photobiological 
reactions. The radiation produced must be at a suitable wavelength/energy that can be absorbed by the 
desired molecule to produce a desirable photobiological effect.  
As a consequence there are a number of relevant fields involved throughout this thesis which are often 
considered discrete but which must be considered together to some extent to adequately describe the 
topic of UV disinfection, e.g. the measurement of radiation involves optics and physics, the generation 
of UV radiation involves plasma physics and biological reactions produced by interactions with photons 
requires a discussion of photobiology, etc. The following summary of the literature is intended to 
provide a broad understanding of scientific development in the subject area of UV disinfection, and 
further focussed literature summaries are provided at the beginning of each chapter relating specifically 
to the area of research being described in that chapter. 
The age of the literature referenced varies largely depending on the subject area however many have a 
considerable range such as the generation of UV radiation which stretches from the late 19th Century to 
present day. There are however some noticeable chronological gaps in literature such as that relating to 
the subject of action spectra of microbes. In this instance the reasons for the research having been 
carried out differed significantly, from that of the elucidation of important biological components 
(Gates, 1928) in the early 20th century, to the biological effects of radiation stimulated by the 
development of nuclear fission (McLaren and Shugar, 1964) such as that by Scholes, Hutchinson and 
Hales (1967) which was funded by the US atomic energy commission. More recent research at the end 
of the 20th century/early 21st century was carried out specifically for the purpose of water treatment 
(Poepping et al., 2014 et al). With these points in mind, an attempt has been made to convey a broad 
subject overview whilst retaining focus in specific areas. 
2.1 The Historic and Current Trends in Ultraviolet Technology  
The germicidal properties of UV radiation were identified in the late 19th century (Downes and Blunt, 
1877).  The first practical application in water disinfection was undertaken in 1906 and its application 
continued using extremely varied novel designs for a variety of applications including treatment for 
swimming pools and for municipal treatment such as those in Luncville France (von Recklinghausen, 
1914) and Henderson (United States of America (USA)) the latter serving a population of 17,000 
(Anon(a), 1919). This early embrace of UV technology was short lived, and these early applications were 
all terminated by the 1930’s (Masschelein, 2002). This is attributed to high operating costs, maintenance 
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issues and poor equipment reliability, but mainly because of the rise of the disinfection alternative of 
chlorination (Wolfe, 1990) which was introduced in 1920 (Bolton and Cotton, 2008) and went on to be 
adopted worldwide.  
UV disinfection began to be re-embraced in the 1950’s (Bolton and Cotton, 2008). This renewed desire 
for UV technology particularly in Europe was due to improvements in equipment and the identification 
of disinfection by-products (DBPs) produced by chlorination (Meulemans, 1987), leading to the 
installation of approximately 2,000 UV sites by 1990 (Wolfe, 1990). Arguably the most critical discovery 
since that of Downes and Blunt (1877) is that of the inactivation of Cryptosporidium spp with UV 
radiation at low fluences (Bolton et al., 1998). A rapid reversal of the perception of the ineffectiveness of 
UV radiation on protozoa was observed, particularly in the USA (Bolton, 2010). The effectiveness of UV 
to inactivate protozoa is particularly significant in view of the 10 outbreaks of cryptosporidiosis in the 
USA from 1990 to 2000, the most serious, in Milwaukee, Wisconsin, causing illness in 403,000 residents 
out of a total population of 1.61 million (Corso et al., 2003). UV is also effective against other chlorine 
resistant pathogens such as Mycobacterium avium (ubiquitous in biofilms in water distribution systems 
worldwide) (Shannon et al., 2008). As a result, the application of UV technology has increased during the 
early part of this millennium by more than 10% annually (Kolch, 2007). 
The recent resurgence of the application of UV technology meant that, unlike chlorination with decades 
of experience in application and performance assessment, no set of formal standardised methods had 
been developed. For example, in chlorination a chemical residual can be measured to monitor 
performance, whereas no simple real time assessment is available for UV reactors (Sommer and Cabaj, 
1993). To address this, UV reactor validation protocols for potable water such as those in Germany 
(DVGW, 1997), Austria (ÖNORM, 2001) and the USA (EPA, 2006) were developed to assess UV reactor 
performance prior to installation in treatment works and have subsequently been adopted by other 
countries, including recently the UK (DWI, 2010) and Ireland (EPA, 2011).The provision of validation 
protocols has enabled confidence to be gained by the consumer and manufacturer through the use of 
standardised methods. 
In addition to the need to ensure the effective and reliable performance of UV disinfection systems 
through the means of system validation, there is also the often competing need to deliver low energy 
solutions. This is not solely due to operating economics but also the worldwide incentive for carbon 
reduction. Drawing on the UK as an example, this is in part directed by  international legislation such as 
the 1997 Kyoto Protocol providing legally binding reduction of Green House Emissions (GHE) 
(Summerton, 1998) and the 2002 World Summit on Sustainable Development, ensuring implementation 
of a sustainable policy at a national level (HM Government, 2005). In light of this, the application of UV 
technology must be achieved as energy efficiently as possible. In terms of other sustainability indices 
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besides energy, UV disinfection has been recommended as an alternative disinfection solution to the 
limitations of chlorination (Royal Society of Chemistry, 2007) namely future potential chlorine supply 
issues, health and safety concerns, and odour and taste-related customer complaints associated with 
chlorine (Hall, Shepherd and Walts, 2009). The use of chlorine provides the benefit of a chemical 
residual disinfection and as such UV disinfection is predominantly used in conjunction with chlorination. 
The UK example of UV technology at a fundamental level (i.e. highly efficient performance qualified 
reactors) can easily be extended to any potential application however, the validation of UV reactors is 
complex and in relative infancy (Section 2.5.2). Primarily all UV technology and associated validated 
protocols is formed around the production and measurement of fundamental processes which are 
discussed in the following sections. 
2.2 Fundamental Principles of Inactivation 
Fundamentally UV disinfection is the production of desirable photobiological reactions that will render 
pathogenic microorganisms inactive1. The energy required to produce these desirable actions is 
transferred from electrical energy to the molecule (referred to as the chromophore (Jagger, 1985)) 
critical to inactivating the microorganism. This energy is transferred through electromagnetic radiation 
(ER) in discrete packets of energy referred to as photons or quanta, with the energy being inversely 
proportional to wavelength2 (Grossweiner and Smith, 1989). 
2.21 Atomic/Molecular Interactions 
 The electromagnetic spectrum representing the range of photon energies categorised by wavelength, 
with the region between 180-320nm, which Meulemans (1987) defines as the germicidal region (Section 
2.4.2). In practice however due to the absorption of ER by oxygen below 200nm (Masschelein, 2002) 
200-320nm is the germicidal region for practical purposes referenced in literature, e.g. Bolton and 
Linden (2003). This specific spectral region is effective because photons of this energy range are 
absorbed by biological component(s) which can inactivate a microorganism. This process of absorption 
must adhere to the laws of photochemistry, which Calvert and Pitts (1966) define as: 
First Law of Photochemistry3 - Only the light which is absorbed by a molecule can be effective in 
producing photochemical change in that molecule. 
Second Law of Photochemistry4 - Each molecule taking part in a chemical reaction caused by light 
absorbs one quantum of the radiation which causes the reaction. 
                                                          
1
 Inactivation- the inability of the ability of a microorganism to reproduce themselves (Harm, 1980)  
2
 The Photon energy E (J) being inversely proportional to its wavelength:    E = hc/λ  where h is Plank’s constant 
(6.63 x 10
-34 
J s), c is the speed of light (3.0 x 10
8 
m s
-1
 ) and λ is the wavelength of the photon (m) 
3
 Also referred to as the Grotthus-Draper Law (Smith and Hanawalt, 1969) 
4
 Also referred to as the Stark-Einstein Law (Smith and Hanawalt, 1969) 
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When considering atom and photon interactions using the Bohr model (Figure 2.1) within the defined 
germicidal ER spectrum, only the valence electron(s) (those in the outer shell of the atom) will be 
involved with the interaction (Jagger, 1967).  
 
 
 
 
 
              = Nucleus consisting of  
                 Protons and Neutrons 
              =  Electron 
Figure 2.1 Model of Bohr atom (Left) adapted from Anon (2014) and Energy Level Diagram for an atom 
(Right) adapted from Jagger (1967) 
The implication is that the atomic interaction will have a very specific energy and narrow 
emission/absorption band defined by its electronic configuration (Smith and Hanawalt, 1969), e.g. the 
absorption of mercury being 253.7nm or 4.89 eV (Phillips, 1983). However, for polyatomic molecules 
(such as those in biological systems) the absorption band is broadened by the increased complexity of 
electrical configuration of the molecule and by consequence increased possibilities of photon and 
electron interactions.   The polyatomic molecule will display a variation in the spectral absorption, i.e. a 
varying absorption probability depending on photon wavelength/energy (Figure 2.2). Further complexity 
of polymolecular formations comprising of multiple polyatomic molecules (i.e. Deoxyribonucleic Acid 
(DNA5)) will display unique spectral absorbance characteristics dependent on the configuration of 
polymolecular components (Figure 2.3) comparative to polyatomic components in Figure 2.1. 
 
                                                          
5
 In the case of the polymolecule DNA it can also be referred to a polynucleotide due to the component polyatomic 
structures being referred to as nucleotides (Section 2.2.2 Molecular Damage) 
Eo 
E1 
E2 
E3 
Eion 
Ground State 
First Excited State 
Second Excited State 
Third Excited State 
                         Continuum 
Absorption Emission 
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Figure 2.2 Ultraviolet absorbance of purine and pyrimidine bases at pH7 (adapted from Davidson (1965)) 
 
 
Figure 2.3 Spectral absorbance of DNA and protein (adapted from Harm (1980)) 
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Depending on the electronic configuration of the polyatomic molecule a non-additive relationship can 
be observed where absorption is larger (hyperchromicity) of smaller (hypochromicity) than absorption 
by the sum of the parts (Smith and Hanawalt, 1969). Furthermore, absorbed energy can migrate in 
polymolecular structures from that of the molecular absorption site to the site of effect (Zimmer, 1961). 
If a photon is absorbed by a critical biological component for inactivation, four possible outcomes can 
occur (Figure 2.4). Barrow (1964) defines these four outcomes of energy interaction as: 
 Translational – Absorbed energy by a molecule is transferred into kinetic energy causing 
movement of the molecule in a direction of 3D space i.e. moving in one or more axis x, y, z. 
Vibrational – Absorbed energy is converted into kinetic energy within the molecule causing 
vibrational kinetics between atoms and their bonds. 
Rotational – Absorbed energy is converted into kinetic energy within the molecule causing 
rotational kinetic movement between atoms and their bonds relative to each other 
Electronic – Absorbed energy is converted into changes of the electronic configuration at the 
atomic level to a higher state, i.e. excitation 
 
 
 
 
 
 
Figure 2.4 Diagrammatic representation of molecular transition of energy, adapted from Barrow (1964) 
 
When absorption produces an electronic effect the final outcome can result in;  the remittance of a 
photon (fluorescence/phosphorescence), supplying energy that enables a complex series of reactions 
(e.g. photosynthesis), producing a photochemical reaction producing a photoproduct (the formation of a 
molecule due to photon absorption) causing biological inactivation (Setlow and Pollard, 1962), the latter 
electronic outcome being necessary for UV disinfection to be effective. The potential outcomes of 
photon absorption are displayed schematically in Figure 2.5. 
 
 
 
 
Translational Vibrational Rotational Electronic 
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Figure 2.5  Schematic representation of possible biological consequences following photon absorption in 
DNA (adapted from Harm (1980)) 
2.2.2 Molecular Damage 
 
Absorption of a photon by a biological component can occur if the photon energy matches the 
electronic configuration of the chemical structure of the biological component. For biological 
inactivation to be the outcome of photon absorption, the biological component in question must be 
critical to the survival of the microorganism and must be of sufficiently low quantity to impact 
functionality i.e. limited or no capacity for cellular redundancy. The majority of such UV interactions 
which produce an effect as described occur with nucleic acid inside microorganisms (Wang, 1976), the 
only molecules possessing genetic information (Jagger, 1976). Proteins can also play a critical part in 
inactivation processes, however unlike alternative treatment methods such as chlorination or 
ozonation, genomic damage is the principal method of inactivation of viruses (Wigginton and Kohn, 
2012).  
 
Nucleic acids carry genetic information in the form of either Single Stranded (SS) or Double Stranded 
(DS) Deoxyribonucleic Acid (DNA) comprised of Guanine (G), Cytosine (C), Adenosine (A) and Thymine 
(T) bases, and SS and DS Ribonucleic Acid (RNA) being comprised of the same bases except for Uracil (U) 
which replaces Thymine. The pyrimidines are Cytosine, Thymine and Uracil and the Purines are Adenine 
and Guanine (Sharp, 2003). Numerous chemical reactions can occur with nucleic acids however those 
with pyrimidines are approximately 10 times as likely to occur as those with purines, with the thymine 
dimer (T-T) being the most prominently associated photoproduct (Grossweiner and Smith, 1989) since 
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its discovery by Beukers and Berends (1960)6. The main types of photoproducts being produced are 
described by Harm (1980) as: 
a) Cyclobutyl type dimers 
b) Pyrimidine adducts7 
c) Spore Photoproducts 
d) DNA – protein cross links 
The probability of photoproduct formation is very much dependent on experimental/factors. In addition 
to the spectral relationship of photoproduct formation (Table 2.1) intrinsic8 sensitivity of DNA for 
example can be affected by numerous conditions including biological (e.g. growth state), chemical (e.g. 
base analog substitution9) and physical (e.g. denaturation, freezing, drying) (Grossweiner and Smith, 
1989). 
 
Table 2.1 Proportion of dimer photoproducts formed with thymine and cytosine as components at 
265nm and 280nm 
DNA source Wavelength Fluence J m-2 % C-C % C-T %T-T 
H.influenzae 265 200 5 24 71 
 280 4000 3  19 78 
E.coli 265 200 7 34 59 
 280 4000 6 26 68 
M.lysodeikticus 265 200 26 55 19 
 280 4000 23 50 27 
(Adapted from Setlow and Carrier (1966), 100% being equal to the total number of dimer photoproducts 
formed) 
Although the fundamental understanding of molecular interactions/damage is critical, like many 
photobiological applications it is primarily the macro effects, i.e. organism inactivation, that is of 
practical interest (Patrick and Rahn, 1976).  
2.2.3 Inhibition of Molecular Damage 
There are a number of ways in which photoproducts can be reverted or inactivation neutralised. These 
can be grouped as direct or indirect mechanisms and are discussed briefly below. 
 
 
                                                          
6
 Further photoproducts from nucleic acid were discovered including cytosine dimers and those between cytosine 
and thymine (Setlow and Carrier, 1966). 
7
 Harm (1980) deliberately not including pure purine photoproducts due the fact a 254nm ER the quantum yields 
are 1-2 times lower than those of pyrimidine photoproducts. 
8
 Intrinsic sensitivity referring to sensitivity purely from a fundamental chemical perspective and not inclusive of 
external factors such as those described. 
9
 When an alternative chemical to those described in Section 2.2.2  is replaced by another chemical 
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K2 
K1 
Direct 
The formation of photoproducts described in Section 2.2.2 is that of photon absorption of a molecule 
causing a chemical change which as a consequence causes inactivation of the microorganism. Direct 
inhibition is absorption of a photon by a photoproduct with a chemical change that causes the 
photoproduct to revert to its original state. Due to the importance of the previously described thymine 
dimer, most references relate specifically to this photoproduct, however C-T based photoproducts have 
also shown the same trend for direct reversal (Setlow and Carrier, 1966).  
The direct reversal of the thymine dimer was identified in the 1960’s (Deering and Setlow, 1962) 
considering reaction constants for both formation and reversal (Setlow and Carrier, 1966) and described 
below in Equation 1:  
Equation 1 The dimerisation and monomerisation of thymine 
 
𝑇 −  𝑇 ⇌ 𝑇 <> 𝑇 
 
 
Figure 2.6 Absorbance of thymine, UV irradiated thymine, thymine dimer and the action spectrum of 
thymine dimer monomerisation (adapted from Harm (1980)) 
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The implications of the competing photoreactions described in Equation 1 means that for a given 
wavelength and after the initial production of thymine dimers, a steady state ensues between the 
dimerisation and monomerisation of thymine (McLaren and Shugar, 1964). The degree of dimerisation 
reached in a steady state is wavelength-dependent and is illustrated in Figure 2.6 with the action 
spectrum of the thymine dimer monomerisation and the absorbance of thymine representing the 
potential for dimerisation. Above 280nm there is no monomerisation of thymine and that there is an 
inverse relationship to wavelength, with monomerisation increasing from 280nm to 220nm10.  Unlike a 
monochromatic exposure where steady state monomerisation can be determined, the use of multiple 
wavelengths at or below 280nm will mean interacting dimerisation and monomerisation constants, an 
example being presented in Figure 2.7. 
 
 
Figure 2.7 The degree of dimerisation from UV exposure at 280nm followed by 240nm (Deering, 1962) 
The example in Figure 2.7 although simplistic in the use of subsequent exposures in contrast to 
polychromatic exposures (as produced in polychromatic UV systems) it highlights the potential for 
conflict between the rates of monomerisation and dimerisation reactions. The potential impact on 
practical application of polychromatic exposures is discussed in Section 2.7 and 5.2.  
 
                                                          
10
 Although the graph displays data to 220nm if extrapolated the trend would continue to increase to 200nm 
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Indirect 
In addition to the direct effects of photoproduct reversal/monomerisation described, other indirect 
methods of molecular damage occur. These indirect effects are defined by Jagger (1967) as: 
Response Reduction11,12 – A modification causing the impact of UV ER to decrease. 
Protection Response – A response reduction caused by a treatment applied prior to UV ER. 
Recovery Response – A response reduction caused by a treatment applied during or after UV ER. 
 
Unlike the process of direct inhibition, indirect inhibition requires biologically active organisms. It also 
however extends to a virus undergoing a process of reactivation through repair carried out by a host 
(Luria, 1955). Thus the potential for indirect inhibition and its effects extend to the majority of 
microorganisms reluctant to UV ER and can have significant impacts particularly in the area of 
inactivation kinetics and UV fluence calculation (Section 2.3 and 2.4). 
Photo-protection is a protective response and can occur with an exposure of UVA, UVB or short 
wavelength visible ER causing a reduction in the measured inactivation from subsequent UVC exposure 
(Harm, 1976). It is known to have large effects on the UV sensitivity of E .coli and Pseudomonas 
aeruginosa. Several different repair mechanisms have been identified the key categories being defined 
by Harm (1980) as: 
  Reversal – the direct return to the state prior to the photoproduct, typically with a specific 
enzyme absorbing UVA and short wavelength visible light, e.g. monomerisation of the thymine dimer. 
This is referred to as photoenzymatic repair. When repair of any kind is carried out without the need for 
photon interaction it can be broadly defined as ‘dark repair’. 
 Replacement – the removal of damaged nucleic acids and subsequent replacement with 
unmodified nucleic acids (referred to as excision re-synthesis repair) 
 Combination13 – Following partial damage to nucleic acid strands undamaged sections of 
multiple strands can be combined to form a single undamaged strand. This can occur with viruses after 
                                                          
11
 In addition to the reduced indirect effects described the opposite effect also occurs: Response Enhancement – A 
modification in which the response to UV ER is increased (Jagger, 1967) e.g. photon absorption of a chemical 
intermediary which subsequently inactivates a target organism. This is not described further in this literature 
review due the need to focus on inhibition of molecular damage. 
12
 Whether a response is considered an enhancement or reduction depends on the definition of a `normal’ 
response and is prone to subjectivity, however in this context a normal response being that produced in a near a 
neutral environment as possible e.g. adequate medium, diluted exposure matrix etc. (Jagger, 1967)  
13
 The specific repair mechanisms highlighted are not limited to functioning in isolation but can be active 
simultaneously an example being that of complementary interaction between recombination repair and excision 
repair (Harm, 1980) 
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cell infection with multiple viruses (defined as multiplicity reactivation) or after partial replication in a 
cell (defined as post-replication repair). 
2.3 Inactivation Kinetics and Hit Theory 
The desired outcome for disinfection using UV ER is to inactivate microorganisms. As discussed in 
previous sections, the fundamental relationship is the potential for absorption by a biological critical 
chromophore or chromophores (Section 2.2.2) whilst accounting for possible direct or indirect inhibition 
(Section 2.2.3).  
Inactivation kinetics are best visualised when comparing a UV fluence (incident energy/unit area) to 
reduction of the numbers of a microorganism No –  NF (No = Number at 0 UV fluence, NF = Number at UV 
fluence) on a logarithmic scale (Smith, 1989). A concept for the theory of UV ER interactions was 
produced in the 1920’s termed `hit theory’14 and addresses the stochastic nature of the inactivation 
process (Setlow and Pollard (1962) and Jagger (1976)) by considering `hits’ or absorbed photons on 
critical molecular components (Zimmer, 1961).  
2.3.1 Hit Theory 
At the core of hit theory is its stochastic presupposition which enables the Poisson distribution to be 
applied. Below is the Poisson distribution as applied by Zimmer (1961) and updated by Harm (1980). 
Equation 2 Multiple hits with a single target – Poisson equation 
𝑃(𝑛) =
(𝑐𝐹)𝑛𝑒−𝑐𝐹
𝑛!
 
where: P(n) = the probability of n hits occurring (equivalent to NF), c = inactivation constant (m2 J-1 if  
energy based or m-2 per photon15  if photon based16), F = Fluence (J m-2 if energy based or photons m-2 if 
photon based17). 
The P(n)/NF data produced in Equation 2 can be further simplified when producing P(0)/N0 (as 0! = 1 and 
(cF)0 = 1), and this is simplified to that displayed in Equation 3. 
Equation 3 Poisson equation at 0 hits 
𝑃(0) = 𝑒−𝑐𝐹 
This is illustrated in Figure 2.8 with increasing initial shouldering increasing with number of hits required 
for inactivation.  
                                                          
14
 Target theory was later developed extending the developed `hit theory’ offering the possibility of determining a 
volume, the target and the number of absorption events with probability. Terminology in literature often 
confusingly uses the term hit and target interchangeably (Zimmer, 1961) 
15
 Alternatively einsteins (moles of photons can be used) 
16
The term cross section of inactivation (σ
i
) will be used for photon based calculations 
17
 The symbol F
p
 will be used to denote the use of photon fluence 
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Figure 2.8  Application of the Poisson distribution for hits ranging from 1-5 and a fluence range of 1-10 
with a c value of 6. 
2.3.2 Multi-Target and Multi-Component Theories  
To address the often exhibited complex non-linear fluence response kinetics of biological responses 
(Sutherland, 2002), further theoretical developments were produced, specifically multi-target theory 
and multi component curves (Severin, Suidan and Engelbrecht, 1983). The use of multi-hit theory (i.e. 
multiple independent targets all requiring hits before inactivation of the organism) increases the 
possible variations of non-linear kinetics to more accurately represent measured biological responses. A 
comparative illustration of multi-hit and multi-target theory is shown in Figure 2.9.  
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Figure 2.9 Comparison of fluence curves for 3 target and 3 hit based curves compared to 1 hit 1 target 
curve (adapted from Harm (1980)) 
Multi-component curves however offer a distinctly different interpretation of molecular photon 
interactions by considering non-linear inactivation kinetics as variations within a population. The most 
clear and convincing interpretation being the two component curve which Harm (1980) provides 
examples of T1 and T7 viruses whereby two distinct sub-populations are proposed, one undergoing 
greater repair, causing a merger between two linear relationships the concept Figure 2.10. 
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Figure 2.10 An example of multi-component theory using a two component curve (adapted from Harm 
(Harm, 1980)) 
The theories on the kinetics of UV inactivation presented are limited in their ability to determine 
molecular detail of inactivation, but are a useful tool to understanding measured biological responses 
and the potential variations in kinetics (Smith, 1989).  
2.4. Calculating UV Fluence 
The use of the term UV Fluence is commonplace throughout scientific literature relating to the subject 
of UV disinfection and consequently both its technical definition and practical calculation (inclusive of 
assumptions and potential errors) is critically important.  
2.4.1 Fundamental Calculation of Monochromatic UV Fluence 
The total radiant energy from all directions onto a sample volume18 where it is not scattered or reflected 
by the target or its surroundings can be defined as UV Fluence (Braslavsky, 2007). UV fluence can be 
calculated by accounting for Fluence Rate19(Eo) and exposure time as shown in Equation 4.  
Equation 4 Calculation of UV Fluence 
𝐹𝑜 = 𝐸𝑜t 
(where Fo = Fluence (J m
-2)20,  Eo = Fluence Rate (W m
-2), t = time (seconds (s)) 
                                                          
18
 Volume i.e. a water matrix used  to asses UV disinfection of water 
19
 Fluence rate= radiant energy fluence rate, common units W m
-2 
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Once established through measurement (Section 2.4.3) a relationship between change in Fluence to 
change in measured outcome (i.e. inactivation) can be established (represented in Equation 5) and when 
integrated enables a log linear relationship to be established (represented in Equation 5) correlating that 
produced by the Poisson equation (Equation 3) (Harm, 1980). 
Equation 5 Representation of change in fluence to measure outcome 
𝜕𝑁
𝜕𝐹𝑜
= −𝐶𝑁 
(where 𝝏𝑵 = change in number counts/individuals, 𝝏𝑭𝒐 = change in Fluence, C= Inactivation constant
21, 
N= the number of individuals/counts) 
Equation 6 UV Flence- Integrated 
𝑁/𝑁𝑜 = 𝑒
−𝑐𝐹𝑜  
(where N= the number of individuals/counts, No= the number of individuals/counts at time 0, C= 
Inactivation constant,  𝐹𝑜 = Fluence) 
When practically applied other considerations are accounted for in the equation which as a minimum 
will include the sample absorbance and displayed in Equation 7. 
Equation 7 Practical application of UV fluence 
𝑁/𝑁𝑜 = 𝑒
−𝑐𝐹
1 − 10𝑎𝑙
𝑎𝑙 ln 10
 
(where 𝑎 = absorbance (cm-1), 𝑙 = Path length of sample (cm) with the additional aspect of Equation 7 to 
that of Equation 6 describing the water factor from Bolton and Linden (2003)) 
Apart from the any potential errors from the practical calculation of monochromatic UV fluence the 
primary assumption of the calculation is that of fluence reciprocity (Sommer et al., 1998) i.e. the 
photochemical reaction is based solely on fluence (fluence rate x time) and not dependent on fluence 
rate (Diffey, 2002). This is critical for both the measurement of fluence versus inactivation response to 
enable the determination of UV reactor performance and laboratory verification. 
2.4.2 Fundamental Calculation of Polychromatic UV Fluence 
The calculation of polychromatic UV fluence involves additional compexity compared to monochromatic 
UV fluence because of the need to account for multiple UV wavelengths and the associated biological 
responses. Meulemans (1987) produced a seminal method for calculating polychromatic fluence by 
defining a relationship between a polychromatic radiation source (e.g. a medium pressure mercury arc 
                                                                                                                                                                                           
20
 1 J = 1 Ws 
21
 Constant C is also referred to as K in literature e.g. ÖNORM (2001) 
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discharge lamp, ‘MP’ lamp) to a monochromatic radiation source (e.g. a low pressure mercury arc 
discharge lamp, ‘LP’ lamp).  The effective irradiance22 (E eff ) was determined by integrating the spectral 
output of the UV source based on the relative23 germicidal  effectiveness of each wavelength (i.e. an 
action spectrum24) from 210-315nm (Figure 2.11) over 5 nm bands and is expressed below in Equation 8. 
Equation 8 Calculation of effective irradiance 
𝐸𝑒𝑓𝑓 = ∑ 𝐸(𝜆) 𝑆(𝜆)∆(𝜆)
315
210
                 
(where Eeff = Effective irradiance (W m
-2), E(λ) = Irradiance at a determined wavelength (W m-2), S(λ) = 
Sensitivity at a determined wavelength based on a determined `germicidal’ action spectrum (non-
dimensional), Δ(λ) the wavelength band for integration e.g. 5nm (non-dimensional)). 
 
Figure 2.11 The action spectrum used to define germicidal sensitivity by Meulemans (1987) (Adapted 
from Meulemans (1987)). 
(Figure 2.11 based upon a common strain of E.coli referenced to Kaufman (1981)) 
Havelaar et al (1990) practically assessed the polychromatic calculation proposed by Meulemans (1987) 
for the application of wastewater disinfection. MS2 bacteriophage (or phage) were suspended in either 
buffered water or a wastewater effluent. Polychromatic fluence was calculated from 240nm25 to 300nm 
                                                          
22
 Irradiance was used due to the experimental apparatus in use however it can be considered equal to UV fluence 
as it was the sole exposure source made form directly above the sample. 
23
 All the wavelengths being made relative to 253.7nm (a LP spectral output) i.e. 253.7nm = 1 in reactive 
comparison 
24
 The action spectrum used by Meulemans (1987) was of an unidentified strain of E.coli without reference to the 
methodology used in its production 
25
 The lower modelled limit of 240nm was determined by lower UV transmission limits of wastewater (Havelaar et 
al., 1990) 
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using the absorption of RNA as a surrogate for the action spectrum of MS2. The transmission (at the 
wavelength of consideration) and depth of the water matrix was however also considered in the 
calculation (at 5nm integration bands) producing that displayed in Equation 9. 
Equation 9 Polychromatic calculation of fluence rate proposed  
𝐸𝑒𝑓𝑓 = ∑ 𝐸(𝜆) 𝑆(𝜆)∆(𝜆)
315
210
 𝑒−𝑎(∆𝜆)𝑑                  
(where α = absorption coefficient (cm-1) at the wavelength defined by Δλ, 𝑑 = depth of sample (cm)) 
Following an improvement to experimental protocols as described by Havelaar et al. (1990) LP and MP 
exposures were performed (suspended in M9 buffer) with LP results and MP results showing consistent 
results. In contrast the MP exposures suspended in effluent (Figure 2.12) did not show consistency; the 
specific cause was not identified.  
 
Figure 2.12 Verification of polychromatic fluence model (displayed with black line) described in Equation 
8, using MS2 in two water matrices – buffered and wastewater effluent post membrane filtration, 
(adapted from Havelaar et al (1990)) 
If a model and its components provide an accurate representation of measured results then there 
should not be a distinction between the inactivation achieved by a polychromatic source to that of a 
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monochromatic source (Sommer et al., 2004). In the case of polychromatic fluence26 delivered in a UV 
reactor significant impact would be made on power consumption with varying UVT but fluence would 
remain the same (Gehr, 2007). For added clarification an additional unit can be used27- Electric Energy 
per Order EEO which expresses the energy required in a given volume to produce a 1 log reduction of a 
target (Bolton et al., 2001) which for disinfection is the target organism (kWh m-3 LogR-1). In the concept 
of deceasing UVT in which bench scale calculation would be adjusted (e.g. increasing exposure time) to 
provide a given fluence, the EEO of that same bench scale reactor would be increasing inversely to UVT. 
There are many occasions within literature where the term `MP fluence/dose’ within literature has been 
misrepresented or where the dependence on monochromatic fluence response is not fully considered 
or credited. An example being that of Kalisvaart (2001) who concludes that at equal fluences MP lamps 
have increased microbial inactivation in comparison to LP lamps. Linden et al (2007) display increased 
inactivation of adenovirus at equal fluences with MP lamps over LP lamps stating MP sources 
outperformed LP sources whilst Shin, Lee and Linden (2009) producing similar results concluding MP as 
being more effective. Linden et al (2009) producing a similar response from adenovirus from MP 
exposures (Figure 2.13) suggests that UV fluence tables used to determine reactor performance targets 
are not appropriate for MP reactors. 
 
                                                          
26
 As fluence is (described in Section 2.4.1) by Braslavsky (2007) as all radiant energy…. not scattered or reflected 
by the target or its surroundings, and for clarity absorption can be included. It is then logical that the use of the 
term fluence would not account for any variation except to a change in the probability inactivation to fluence.  
27
 Generally used in the application of Advanced Oxidation (AOP) applications where there are higher energy 
requirements. 
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Figure 2.13 Bench scale UV fluence inactivation kinetics for Adenovirus serotype 2 using LP and MP 
radiation (adapted from Linden et al (2009)) 
A distinction of response in LP and MP exposures using bench scale methods is extremely useful in the 
determination of errors in the calculation components i.e. when using a surrogate action spectrum such 
as the absorbance of DNA. Such errors could be due to differing definitions of the term `Polychromatic 
Fluence’ or `MP Fluence’ as discussed by Cabaj (2001) with the implications being that replacing the 
component so that it is accurate will rectify any discrepancy with the implication in the example of 
Adenovirus that the EEO of a reactor will be significantly reduced. If however accounting for any 
inaccuracies the discrepancy remains it suggests the model for polychromatic fluence calculation does 
not hold and thus raises questions as to its practical application. 
2.4.3 Practical Considerations for Polychromatic UV Fluence 
Numerous variations of bench scale rectors have been used to attempt to produce accurate inactivation 
kinetics in response to UV fluence, the challenge being accurate measurement, particularly in respect to 
UV fluence. Qualls and Johnson (1983) proposed the use of a quasi `Collimated Beam’ (QCB) which 
enables a stirred suspension in a container to be irradiated with UV ER (Figure 2.14). 
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Figure 2.14 Diagrammatic representation of a ‘Collimated Beam’ and exposure of a sample in a Petri 
dish below 
The fluence rate is measured with a radiometer at the same level as the surface of the water sample. 
Fluence is then the product of this fluence rate and the exposure time.  
The concept of a QCB is relatively straight forward as discussed above however there are numerous 
details in an experimental method (i.e. reflection of a sample container (Jagger, 1967)) which must be 
accounted for. These methodological details can be a limiting factor in enabling consistency of approach 
and, as a consequence, results between laboratories (Sommer et al., 1995), which to be addressed 
would require standardisation. Two such proposals for standardising QCB were proposed by Bolton and 
Linden (2003) and Kuo, Chen and Nellor (2003). A summary of the critical components of the Bolton and 
Linden (2003) protocol are: 
 Measurement- A calibrated radiometer sensitive between 200-300nm with a wide 
enough acceptance angle to enable accurate measurement of the lamp output. For 
polychromatic measurements the spectral sensitivity of the detector must be known. 
 Reflection Factor- Accounts for reflected ER during the air water transmission of the 
sample 
 Petri Factor- Accounts for variation of irradiance levels across the sample surface area 
 Divergence Factor- Accounts for any reduction in ER due to divergence of the quasi 
collimated ER beam 
 Water Factor – Accounts for absorbance of the water sample  
 Sensor Factor (MP) – Accounts for detector sensitivity in relation to lamp spectrum 
 Germicidal Factor – Accounts for relative germicidal effect of wavelengths i.e. action 
spectrum 
The simplicity of using a monochromatic, LP collimated beam and methodology as described above has 
enabled widespread acceptance and application. The added complexity when calculating polychromatic 
Lamp 
Petri Dish 
Quartz Window 
(Set between the lamp 
and the sample) 
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fluence has continued to prove challenging even subsequent to the proposed methodology described. 
The first limitation being described by Guo, Hu and Bolton (2008) was the spectral sensitivity of detector 
which extended above 300nm (not included in the 200-300nm calculation) which incorporated error in 
measurement and subsequent calculation. Critical research into adenovirus by Rochelle (2010) that 
produced unexpected results were later identified as being erroneous and were retracted in an 
addendum (Rochelle et al., 2011), this was due to change in the spectral output of the MP lamp stated 
due to overcooling.  
The germicidal factor described by Bolton and Linden (2003) is based on the action spectrum of the 
target organism or the absorbance of DNA as a surrogate. Spectral absorbance of genomic material is 
determined by is nucleotide composition meaning using a generic `DNA absorbance’ could produce 
error in the fluence calculation (Chen, Craik and Bolton, 2009). 
It is critical that an accurate and repeatable method of verifying polychromatic fluence is developed. 
Particular areas of investigation required are spectral measurement, spectral stability of polychromatic 
ER sources and microbial action spectra. 
2.5 Modern Developments in UV Quantification for UV Reactors: Validation of UV Systems 
The QCB described in Section 2.4.3 is in essence a batch reactor which can produce variable UV fluences 
by altering the time of exposure. UV reactors in contrast will almost always be of a Continuous Flow 
Through (CFT) design, causing each reactor to have a distinctive hydraulic profile and as a consequence a 
related fluence distribution (Cabaj, Sommer and Schoenen, 1996) which is dependent on its operating 
conditions i.e. water UVT, water flow and lamp power (Lawryshyn and Cairns, 2003). Although 
numerous approaches to hydraulic modelling have been proposed (Blatchley et al., (1998) et al) it is not 
possible to determine fluence by a direct measurement or theoretically (Sommer et al., 1997). Therefore 
methods of measuring and assessing reactor performance are described below. 
2.5.1 The Concept of Validation 
The concept of using microorganisms to measure fluence (biological dosimetry), particularly 
bacteriophage due to their stability, was discussed by Jagger (1967) and provides a representation for 
the biological targets of a reactor for disinfection28.  Alternatively chemical actinometry has been 
proposed for both monochromatic (Blatchley et al., 2008) and polychromatic (Shen et al., 2009) reactors 
through the use of dyed microspheres, however no validation protocol has yet to adopt such a 
procedure.  The use of non-pathogenic microbial surrogates are predominantly used to assess UV 
reactor performance currently. 
                                                          
28
 The desirable characteristics of bacteriophages for biodosimetry provided by Harm (1980)as having reproducible 
inactivation kinetics independent of stock preparation (age, titre or other particularities) and only in exceptional 
cases depends on the type of host cells 
49 
  
Inactivation kinetics of a microbial surrogate can be determined in a bench-scale QCB. The delivered 
fluence in a reactor can then be determined by measuring and comparing the inactivation of the 
organism achieved by the reactor to that of the QCB, enabling a fluence to be back-calculated; fluence 
calculated in this way is termed Reduction Equivalent Fluence29 (REF) (Sommer et al., 1999) 
2.5.2 Overview of Validation Protocols 
Regulatory UV reactor protocols have been produced in Germany (DVGW, 2006), Austria (ÖNORM 
(2001) and ÖNORM (2003)) and USA (EPA, 2006). Since a full technical description and comparison of 
the validation protocols and their methodological implications would likely require an entirely separate 
standalone literature review, a summary of their key differences and limitations relevant to this study is 
provided in Table 2.2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                          
29
 Actually described as Reduction Equivalent Dose (RED) by Sommer et al (1999) due to the fluence/dose 
terminology but the term in this case can be considered identical and used in subsequent papers by the same 
authors (Cabaj et al. (2001) et al) 
50 
  
Table 2.2 Overview of technical details from core validation protocols (adapted from Sommer et al 
(2008) and EPA (2006)) 
 USEPA DVGW ÖNORM 
Required Reduction 
Equivalent Fluence 
(REF) 
Application determined 
and thus not specified. 
Organism fluence 
specified per log 
reduction i.e. 
Cryptosporidium 4 log 
(220 J m-2), Giardia 4 log 
(220 J m-2), Virus 4 log 
(1860 J m-2) 
400 J m-2 400 J m-2 
Biological Surrogate 
and Measurement 
Range 
MS2 phage (0-700 J m-
2), Phi X 174 phage (0-
110 J m-2), T7 Phage (0-
20 J m-2), T1 Phage  
(  ̴50-200 J m-2) 
B.subtilis spores (200-
600 J m-2) 
B.subtilis spores (200-
600 J m-2) 
Calibration of 253.7nm 
under defined and 
controlled laboratory 
conditions 
Yes- Procedure defined Yes- Procedure defined Yes- Procedure defined 
Quality Control (QC) of 
Microbiological 
Analysis 
Min 3 samples of 
Influent and Effluent 
5 samples of influent 
and effluent (< 0.2 log 
standard deviation) 
5 samples of influent 
and effluent (< 0.2 log 
standard deviation) 
QC of Surrogate UV 
Sensitivity 
Test surrogate in 
highest and lowest UVT 
sample on a daily basis 
Calibration of surrogate 
10 days before and 
after system validation 
Test surrogate in 
highest and lowest UVT 
sample on a daily basis 
UV absorbing 
Substance 
Not specified buy 
examples of coffee, 
lignin sulfonic acid and 
humic acids 
LP: Lignin sulfonic acid 
or other MP: Lignin 
sulfonic acid 
LP: Sodium thiosulfate 
MP: Coffee 
Spectrum of MP Lamps 200-300nm 240-300nm 240-300nm 
Analysis of 
Experimental Data 
A number of validation 
factors are included 
(e.g. REF bias, MP bias) 
None – REF data used 
as measured 
> 15% safety factor for 
uncertainty of 
measurement in system 
sensor 
 
In respect of polychromatic fluence the two predominant features of discrepancy of the protocols is the 
fixed fluence of 400 J m-2 and a prescribed spectral output of 240-300nm in the German and Austrian 
protocols in comparison to an un-fixed fluence in the USA and no lower limitation of spectral output i.e. 
200-300nm is allowed. This spectral restriction can be practically achieved through the use of `doped 
quartz’ (DWI, 2010). 
2.5.3. Limitations of Validation Protocols 
The prescriptive nature of both the DVGW (2006) and ÖNORM (2001) and (2003) guidelines means that 
they are limited to what validated fluence they can provide i.e. only 400 J m-2 based on B. subtilis spores 
with a spectral range from 240-300nm. This means that there is no flexibility in terms of the required 
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validated fluence and that any limitations or errors of the protocol are consistent from reactor to 
reactor due to the inflexibility of the method. 
The flexibility provided by the USEPA (2006) in contrast does enable a wide variety of validated fluences 
to be provided but has its limitations, specifically that there are still some fundamental aspects which 
are not fully accounted for in the guidelines (Deem et al., 2007). Wright, Heath and Bandy (2011) 
describe nine such technical questions of the protocol, two critical questions being; the suitability of 
surrogates with a high sensitivity <240nm being used to validate for pathogens of a low sensitivity 
<240nm (e.g. MS2 and Cryptosporidium (Figure 2.16)) and the second that UV sensors used in reactors 
are not sensitive <220nm (Figure 2.16)  and thus do not reflect the sensitivity of organism with a high 
sensitivity <240nm as required.  
 
Figure 2.15 Relative spectral sensitivity of a UV sensor, Adenovirus, Cryptosporidium and MS2 phage 
(adapted from Wright, Heath and Bandy (2011)) 
Such spectral questions are fundamental to the safe and efficient application of polychromatic UV 
reactors. 
2.6 Technological developments in UV generation 
Mercury based lamps both LP and MP are the principal radiation sources employed in the UV 
disinfection market to-date (Dussert, 2005). These plasma radiation sources are used because of their 
relative simplicity of design, provision of high density of radiation (increasing with internal pressure) 
(Phillips, 1983) and their spectral efficiency for the purposes of disinfection (Hg emission line of 253.7nm 
near second absorption maxima of RNA and DNA (Harm, 1980) which can be used as a surrogate for a 
generalised action spectrum).  
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Although LP lamps have a spectrally efficient output they are relatively inefficient electrically (ratio of 
lamp output to electrical input) at power densities used for disinfection (Heering, 2004). Increasing 
internal pressure (i.e. medium pressure) increases electrical efficiency but decreases spectral efficacy, 
however these inefficiencies can be reduced to some extent by having the mercury in the form of an 
amalgam30. The options for UV ER for disinfection are limited to the selection of either a lower energy 
density with higher germicidal efficiency (i.e. LP lamps) or a higher energy density with a lower 
germicidal efficiency (i.e. MP lamps), with some further details for comparison shown in Table 2.3. 
Table 2.3 Characteristics of LP, LP amalgam and MP lamps (adapted from Dussert (2005)) 
Characteristic LP LP Amalgam  MP 
Hg Pressure (atm) 0.01 0.01 1-2 
Amount of Hg (mg) 5-50 35-100 40-400 
Operational Temperature (°C) 38-60 150-200 590-900 
Emission Spectrum Monochromatic Monochromatic Polychromatic 
Input Power (W) 15-75 15-400 1,000-20,000 
UVC Efficiency (240-290nm) 32-38 30-36 12-16 
Lamp Life (hrs) 8,000-15,000 8,000-15,000 3,000,-9,000 
 
This limitation poses a selection problem as the desire for a system would be to have a small a physical 
footprint as possible and thus a high power density i.e. a high pressure lamp. In practice a trade-off is 
made due to the reduced germicidal efficiency and so a whole life cost appraisal must be made on a site 
by site basis. In addition, concern for the potential release of mercury i.e. from broken lamps (Miller, 
Linnes and Luongo, 2013) and the planned removal of mercury from general lighting in the European 
Union (EU) (Wetzstein, 2013) suggests the need for alternatives. Ideally for the development of the 
application of UV treatment a source that is both electrically and spectrally efficient whilst being of a 
high energy density for the municipal market is needed, with it ideally being less toxic than mercury. 
Plasma lamp technologies currently dominate the disinfection market however two alternative mercury-
free sources of UV ER are entering the market. The first are Light Emitting Diodes (LEDs) which are a 
solid state technology which emit photons of an energy dependent on the chemical composition of the 
diode material (Held, 2009). The second technology are Dielectric Discharge Barriers (DBDs) which 
produce non equilibrium plasmas (i.e. equivalent to an mercury LP lamp discharge) through a dielectric 
barrier31 i.e. there is no contact between the plasma and electrodes (Kogelschatz, 2003). UV generating 
plasmas32 are based on xenon (Xe) (147nm and 150+ 172nm from Xe2) that can be altered with 
                                                          
30
 Also referred to as a Low Pressure High Output Lamp (LPHO) 
31
Glass, quartz and ceramics being examples of dielectric barriers (Kogelschatz, 2003). 
32
 It is proposed that DBD’s will be able to exceed the efficiency of LP lamp s due to a reduction in self-absorption 
due to the emission of the excimer i.e. at 172nm (Kogelschatz, Eliasson and Egli, 1997). 
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considerable flexibility using various phosphors and because of the electrode position it provides 
unparalleled flexibility in terms of geometric configuration (Kogelschatz, Eliasson and Egli, 1997). 
Point- of-Use (POU) water disinfection systems now exist using both LEDs33 (Pagan, Lawal and Batoni, 
2011) and DBD s (Geoboers, Janssen and van der Meer, 2003) however these are low power density 
reactors and thus are suitable only for low flows. Undoubtedly improvements in these technologies will 
continue (Anon(e), 2014). Predictions for the development of UV LED’s based on the experience of 
visible LEDs suggests they may represent a viable alternative to current UV ER lamps by 2021 (Autin et 
al., 2013).  It seems likely that LEDs will take considerable time to penetrate the water disinfection 
market especially for applications of high energy density. 
  Current Distribution                  Future Predicted Distribution 
  
 
Figure 2.16 Future predicted trends of UV ER sources (left graph being current, right graph being future) 
 
2.7 Summary of the Literature Review and Areas for Research 
Critical for the current and future application of UV technology is the ability to assess and monitor 
reactor performance and provide a technical solution with low whole-life financial and carbon costs. As 
there is no method of simple real-time measurement to assess UV reactor performance, testing before 
reactor commission is required following a prescribed validation protocol using microbial surrogates to 
assess inactivation. The validation of reactor performance using microbial surrogates enables 
measurement of Reduction Equivalent Fluence (REF) and accounts for any uncertainties of 
measurement in this measurement process and when applied in field (e.g. degradation of lamp output 
over time). This process of reactor validation is fundamental to understanding system performance and 
having confidence in the practical application of UV disinfection technology.     
                                                          
33 The use of LED’s for related products such as the measurement of spectral absorption (Shaver and Boeker, 
2013) where continuous use is not applicable may well be at least initially the most competitive application. 
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Essential to the validation process is the verification of UV fluence using a QCB, which is more 
complicated when verifying polychromatic fluence, i.e. from a MP mercury arc discharge lamp.  
Concerns have been raised regarding the robustness of the MP QCB method particularly in respect of 
the stability of the spectral irradiance of the QCB, polychromatic measurement of the QCB, and the 
associated limitations in producing microbial action spectra (a critical component of polychromatic 
fluence). Furthermore, the desire for increasingly efficient UV reactors whist maintaining a small 
physical footprint is continues to be a strong market driver.  As such, the following areas of research 
were identified as priorities for this thesis: 
1. Developing a reliable polychromatic QCB Methodology 
2. Developing microbial action spectra using this polychromatic QCB methodology  
3. Improving high power density UV sources 
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3. Factors Affecting Reproducible Bench -Scale Polychromatic UV Exposures  
3.1 Aim 
To investigate the factors impeding an accurate and robust methodology for the calculation and delivery 
of UV fluence by a collimated beam using a polychromatic source. 
3.2 Literature Review 
Limitations were described in Section 2.4.3 regarding the proposed method for standardisation by 
Bolton and Linden (2003) when using a quasi-collimated beam (QCB) with a polychromatic UV source. 
Previously described practical errors included the spectral sensitivity of the detector (Guo, Hu and 
Bolton, 2008) and spectral variation from the lamp used due to overcooling (Rochelle et al., 2011). 
These raise questions as to the robustness of the method, in terms of measurement of spectral 
irradiance and the physical conditions in which the QCB needs to be operated for stable operation. 
Two polychromatic spectra are often quoted in the literature, the first exhibiting a continuous output 
from 200-300nm with dominant  ̴260nm peak , the second displaying a reduced  2̴60nm peak in 
comparison to that at  ̴280nm with negligible output below 220nm (Figure 3.1 and Figure 3.2). It is 
important to understand the reasoning for this spectral discrepancy.  
 
Figure 3.1 Published MP QCB spectral data adapted from Bolton and Linden, (2003)  and Kuo, Chen and 
Nellor (2003) (Data normalised at spectral peak) 
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Figure 3.2 Published MP QCB spectral data adapted from Guo, Hu and Bolton (2003)  and Lyon et al 
(2012) (Data normalised at spectral peak) 
Specifically, it is crucial to determine whether these variations in reported spectra in the literature are 
due to variations or errors in the methodology of measurement and thus not related to `true’ spectral 
variations between lamps, due to a combination of factors.  
Diffey (2002) described practical aspects of spectroradiometry particularly that of equipment selection 
and defines two critical aspects; the detector and physical design of the spectroradiometer. The 
detector is usually either a photomultiplier or a solid state photodiode, the former being preferred 
especially for detection of lower ER levels. Photomultipliers are classified as photoemissive and 
photodiodes are classified as photovoltaic (Razeghi and Rogalski, 1996). The physical design can be 
categorised as: (i) Dynamic- a step wise approach is taken scanning between 0.1 and 2nm per second, 
(ii) Fixed- uses a fixed spectral grating34 to diffract onto a photodiode array. The former physical design 
described provides greater accuracy and flexibility of measurement configuration. The latter produces a 
far more portable measurement system with near instant measurement, however it sacrifices accuracy 
in its design and consequentially must rely on the inherent sensitivity of the photodiode array (Diffey, 
2002). Spectral detector selection is not included in previous collimated beam methodologies but should 
have a direct influence on polychromatic fluence measurement. 
                                                          
34
 Diffracts light enabling separation for measurement  
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In addition to the potential for spectral variation from either the lamp due to cooling or the complexity 
of spectral measurement, a further potential confounding factor relates to the influence of the quartz 
window separating the lamp from the sample (Figure 2.14). The transmission of the quartz is dependent 
on the manufacturing process and can change at high temperatures (i.e. 900°C) (Phillips, 1983).  
Hence it is imperative for the determination of polychromatic fluence that these underlying causes of 
spectral variation are explored and quantified by assessing the relevant components; lamp spectral 
output, quartz transmission and spectral measurement.   
3.3 Objectives 
The specific objectives of practical assessment are to assess the following: 
1. The accuracy and stability of both photoemissive and photovoltaic UV detectors  
2. The spectral transmission of QCB quartz window between 200 and 300nm in relation to 
temperature. 
3. The spectral variations in lamp output with air cooling. 
4. Lamp output in relation to measurement angle. 
3.4 Method 
The investigations in this chapter are classified under two experiment headings. The first is the 
assessment of equipment and their limitations in relation to spectral measurement. The second focuses 
on assessing the impacts of the components and operation of a MP QCB (e.g. quartz window, lamp 
temperature) on the spectral output.   
Assessment of Spectral Measurement  
Two spectroradiometers, one from each of the principal categories described in Section 3.2 were 
selected for assessment. The first was a Bentham DM150 (Reading, UK) (referred to as DM150), 
comprising of a Teflon cosine corrector and fibre optic, double monochromator and photomultiplier 
(using a dynamic step wise approach to measurement). The second was an Ocean Optics 2000 (Florida, 
USA) (referred to as OO2000) a fixed grating compact  spectroradiometer using CCD photodiode array 
with phosphor coating with a directly coupled Teflon cosine corrector (using a fixed optical setup taking 
near instant spectral data35). 
                                                          
35
 The integration time of sample and averaging defines the sample time however for MP measurements described 
the sampling time was in the region of 1 second in comparison to the DM150 which is approximately 2 minutes 
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Figure 3.3 Photo of spectroradiometers (Left – OO2000,   Right DM150) 
(Label A- OO2000 placed on top of laboratory jack with fixed cosine corrector directly up. Label B- 
Cosine corrector at the end of fibre optic also pointing up. Label C- DM150 incorporating double 
monochromator and photomultiplier) 
During experimentation temperature measurements were taken using a calibrated YCT YC-747D 
Thermometer (Yu ching Technology, Taipei city, Taiwan) with thermocouples. Electrical measurements 
of the lamp were conducted using a single phase power analyser (Voltech PM100, Oxfordshire, UK). To 
ascertain the performance and suitability of the detectors the experiments were undertaken: 
1A Calibration and Verification  
The two spectroradiometers were calibrated using the same deuterium calibration lamp traceable to 
the National Physical Laboratory (Teddington, UK). The lamp was placed in a dark room and measured at 
a distance of 500mm through a collimating tube with internal baffles. Following calibration the lamp was 
then immediately measured and compared to the calibration file of the lamp to verify calibration and 
assess initial spectral sensitivity of detectors. 
1B Comparative Measurement of MP Lamp 
The lamp was operated horizontally in air in a dark room, with the UV light passing through a collimating 
tube (500mm in length with internal baffles for collimation) with vertical entrance slit of 0.51mm in 
width. Three separate comparisons were made: 
1. Comparing spectroradiometers using measurements based on 15 averages (OO2000 data direct 
information from each pixel and using a 1nm data points based on a mean of pixel data) 
2. Comparing spectroradiometers using measurements based on 30 averages (OO2000 data direct 
information from each pixel and using a 1nm data points based on a mean of pixel data) (Figure 
3.4) 
3. Assessing the impact of temperature on OO2000 data by comparing multiple measurements 
during external cooling of the detector (using a desktop fan) and after cooling had been 
A B 
C 
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terminated. The thermocouple was attached to the outside of the OO2000 onto the side to which 
the detector is mounted internally in the spectroradiometer.  
 
Figure 3.4 Diagrammatic representation of the experimental setup for spectral measurements (side 
elevation) 
1. Assessment of MP QCB factors 
In addition to the previously stated lamp,  a 1kW HNG MP lamp and ballast (Phillips Advance 71A87R3, 
Rosemont, Illinois, USA ) configured within a Rayox© collimated beam apparatus (Calgon Carbon, 
Pittsburgh, Pennsylvania, USA)  were tested.    
2A Measuring Spectral Transmission of Quartz Window with Temperature 
The experimental setup of the CB was replicated by placing the 1kW HNG lamp in a horizontal position 
in a dark room and placing the quartz window and its holder in between the lamp and the detector. 
Spectral measurements were taken using the DM150 though a collimating tube with a 0.51mm slit. The 
distance between the detector and the lamp was 670 mm (Figure 3.5). The first and last measurement 
were taken without the quartz window and mountings, followed by a series of measurements with the 
quartz window in place. The temperature of the quartz window was measured using a thermocouple 
placed in between the quartz window and its holder. 
2B Measuring Spectral Change of MP Lamp During Cooling 
The 1kW HNG lamp was placed in a horizontal position (Figure 3.4) in a dark room and measured with 
the OO2000 at a distance of 620mm through a collimating tube using a 0.51mm slit. The external  
temperature at the pinch of the lamp was measured using thermocouples attached to the outer surface 
The lamp was first run at full design power and then slowly cooled by air flow directed from a desktop 
fan with the effect of reducing  lamp temperature and the associated lamp operating voltage 
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2C Measuring the Spectral Output of a MP Lamp in Relation to Angle 
The 1kW HNG lamp was placed in a darkroom. The lamp output was then measured at the centre of the 
lamp (at full operational power) and at varying positions around the lamp; 0o (horizontal), +45o and +90o 
(above the lamp), and -45o and -90o (below the lamp). Spectral measurements were taken using OO2000 
at 140 mm with a 0.25 x 0.25 mm aperture with the use of a manual shutter (to provide dark 
measurements for accurate spectral measurements). 
.  
2D Assessing Impact of a Reduced Internal Mercury Pressure in a MP Lamp 
Three Hanovia Ltd prototype lamps CBT001, CBT002, CBT003 were produced36 with a lower internal 
mercury pressure than that of the 1kW HNG lamp. These were initially run in the MP CB and measured 
with the DM150 to provide relative spectral comparison. Lamp CBT003 was then selected for future 
work (see Chapter 4). Photographs were taken of both the 1kW HNG lamp and CBT003 horizontally, 
firstly not running (to provide the physical location of the lamp) and secondly at full power using welding 
glass. The two images were blended to provide an image of the lamp arc position inside the quartz 
envelope. 
 
Figure 3.5 Diagrammatic representation of the experimental setup for spectral measurements in 
experiments 2A, 2B and 2C. (Tubular lamp depicted in side elevation) 
3.5 Results 
Experiments 1A and 1B  
The DM150 and the OO2000 were both successfully calibrated. Verification of the calibration process 
(see Figure 3.6 Calibration and verification of spectroradiometers measured based on 30 averages) 
displayed consistency with the calibration file, however The OO2000 displayed one pixel at 208.5nm 
that appeared to be not functioning correctly and was therefore removed when producing mean results 
                                                          
36
 The lamp specifications were produced by the author using estimate voltage based upon mercury loading per 
volume as described by Philips (1983) and then were subsequently manufactured by Hanovia.  
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from the remaining pixels at each nm interval. The results from 200-400nm compared to the calibration 
file were +0.003 % DM150 and -0.017% for 1nm data. 
 
Figure 3.6 Calibration and verification of spectroradiometers measured based on 30 averages 
(OO2000 RAW= Direct pixel data from OO2000, OO2000 1nm = Pixel data averaged 1nm + pixel 
208.5nm removed, DM150 1nm = 1nm step wise measurement using DM150, Calibration file = 
calibrated output supplied with calibration source.) 
The comparative measurements using a MP lamp provided general agreement between the 
measurements made between the DM150 and the OO2000 when using both 15 and 30 average37 
measurements. There was agreement between the measurements of both spectroradiometers when 
using the uncorrected measurements of the OO2000, however significant noise was seen below 220nm 
(Figure 3.7 and Figure 3.9) with measurements from the OO2000. When the OO2000 data was corrected 
by using the mean value of the pixels contributing to 1nm bands, a slight spectral shift of the whole 
spectrum was seen towards lower wavelengths38 (Figure 3.8 and Figure 3.10). Although this spectral 
shift is not desirable, it is minimal and enables the noise below 220nm to be significantly reduced, and 
thereby integration and comparison of the total spectral power from 200-400nm (DM150: 15av= 0.203 
W m-2, 30av= 0.1605 W m-2, OO2000, 15av= 0.2067 W m-2, 30av 0.2006 W m-2) of which the 30 average 
                                                          
37
 30 average measurement selected due to its current use by project sponsor, 15 average assessed as to its 
difference (knowing it will be a faster measurement which would be practically beneficial for experimentation) 
38
 This is likely to be corrected by offsetting the averaging rather than taking the mean value for the data produced 
foe each nm 
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measurement is the single measurement to show any variation. This cause for this variation is not 
definitive however the variation in spectral peaks of all the MP measurements and the lower 
corresponding peaks of the 30av DM150 measurements (Figure 3.9) may be due to the 50hz Alternating 
Current (AC) output and variation in ignition cycles of the lamp. It is clear however that there is potential 
for error using the OO2000 due to fluctuations in temperature (Figure 3.11) in the region of lowest 
detector sensitivity below 220nm39. The effects of temperature will vary the background signal 
registered by the detector meaning that unless corrected (by means of a dark measurement, i.e. as 
‘background’ signal), areas of low sensitivity will be impacted by a change in measured results i.e. similar 
to those shown in Figure 3.11. Accurate measurements require the ability to take dark measurements 
and subsequent measurements with low integration times or to be able to externally influence the 
temperature of the detector (i.e. with an external heater, raising the temperature above that of the 
background measurement). 
 
Figure 3.7  Measurement of spectral emission from a MP lamp using the mean of three measurements 
based upon 15 averages (no post scan correction – measured with OO2000 as per Figure 3.4) 
 
                                                          
39
 Detector sensitivity is determined by the material of its construction. Each material has an absorption spectrum 
which in the case of the OO2000 is lower than that of wavelengths >220nm which is indicated by the `noise’ 
displayed in the measurements in Figure 3.7 below 220nm. 
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Figure 3.8 Measurement of spectral emission from a MP lamp using the mean of three measurements 
based upon 15 averages (corrected to 1nm data points - measured with OO2000 as per Figure 3.4) 
 
Figure 3.9 Measurement of spectral emission from a MP lamp using the mean of three measurements 
based upon 30 averages (no post scan correction - measured with OO2000 as per Figure 3.4) 
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Figure 3.10 Measurement of spectral emission from a MP lamp using the mean of three 
measurements40 based upon 30 averages (corrected to 1nm data points - measured with OO2000 as per 
Figure 3.4) 
                                                          
40
 For the third measurement for both the 15 and 30 average measurements using the DM150 the spectral data is 
limited from 200-297nm 
0.0E+00
2.0E-03
4.0E-03
6.0E-03
8.0E-03
1.0E-02
1.2E-02
1.4E-02
1.6E-02
200 220 240 260 280 300 320 340 360 380 400
Sp
e
ct
ra
l E
m
is
si
o
n
  (
W
 m
-2
 n
m
--
1
) 
Wavelength nm 
OO2000 1nm DM 150 1nm
65 
  
 
 
Figure 3.11 Measurement of spectral emission from a MP lamp using cooled OO2000 and 10minutes 
post cooling 
Experiments 2A to 2D 
The assessment of spectral transmission of the quartz window produced results (Figure 3.12) that agree 
with the known spectral transmission of quartz material (Phillips, 1983), i.e. there is a reduction in 
spectral transmission below 230nm and a reduction in the  ̴260nm peak. Importantly the spectral output 
displayed is relatively complete from 200-300nm however the 200-230nm continuum is not flat but 
rather raised towards 230nm. The likely impact on spectral transmission of the quartz window is 
minimal compared to the differences in the spectra reported in the literature however some 
transmission losses can observed particularly below 240nm (Figure 3.12). 
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Figure 3.12 Transmission of QCB quartz window with increasing temperature 
(Measurements of spectral emission displayed in Figure 3.12 were obtained with the lamp horizontally 
as shown in Figure 3.4) 
The assessment of cooling on lamp performance and spectral output revealed a clear shift in spectral 
output. The lamp temperature decreases from the starting temperature of 245°C and with the spectral 
output steadily reduces. The predominant spectral peak at   2̴60nm at full lamp power reduced in power 
and wavelength to the 253.7nm emission, which agrees with the observed `overcooling’ mentioned by 
Rochelle (2011). Importantly, the spectral output resulting from reduced lamp temperature does not 
exhibit the lower output below 220nm as described by the spectra presented in literature. 
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Figure 3.13 Measurement of spectral emission from a MP lamp with decreasing pinch temperature and 
associated lamp voltage 
(Measurements of spectral emission displayed in Figure 3.13 were obtained with the lamp horizontally 
as shown in Figure 3.4) 
The spectral data provided by measuring at different angles around the lamp revealed further spectral 
output variations. When measured horizontally (0°) the spectral characteristics matched those of 
previous measurements. When the angle of measurement changed however, significant spectral 
variations were observed (Figure 3.14). When measured from above the horizontal position (i.e. +45° 
and +90°) a noticeable increase in output at the dominant peak  2̴60nm and below 230nm was 
observed. In contrast, below the horizontal measurement (i.e. -45° and -90°) the opposite was seen, 
with a significant reduction in the spectral output at the peak  ̴260nm and below 230nm. Taking into 
account the reduction in spectral transmission of the quartz window below 230nm (Figure 3.12) and the 
sample position below the lamp in a typical QCB experimental setup, these can be interpreted as a key 
factors in the spectral variations described in literature, in addition to variations due to differing lamp 
temperatures. 
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Figure 3.14 Measurement of horizontal MP lamp at differing angles around its axis 
(+90° = OO2000 is above the lamp measuring from a vertical position down, -90°C = OO2000 is below 
the lamp measuring from a vertical position up towards the lamp as displayed in Figure 3.5) 
The identification of spectral variation due to lamp position in Experiment 2C identified the anisotropic 
spectral output of the lamp, the most likely cause to be in relation to the position of the arc within the 
lamp envelope, which is related to lamp pressure (Phillips, 1983) (Section 3.6). To verify this the spectral 
output of the three Hanovia prototype lamp operating at a lower internal lamp pressure were run and 
measured in the MP QCB (i.e. below the lamp with quartz window) to assess whether this would 
produce a solution to this anisotropy (Figure 3.15). All three lamps showed a complete spectral output41 
from 200-300nm similar to that of Kuo, Chen and Nellor (2003) and hence would be a suitable spectral 
output to verify polychromatic fluence in the same spectral region. Photos of the lamp arc position 
shown in Figure 3.16 confirm that the 1kW HNG lamp has a high relative position of arc from the lamp 
centre compared to a near centre line arc of the CBT003. The implication is that the selection lamp 
internal pressure is another critical factor in the spectral capabilities of a MP QCB. 
 
 
                                                          
41
 CBT003 displays a significant larger spectral fluence rate as the lamp ballast delivers a constant current and so 
the increase voltage also delivers increased power (VxA) and thus as an artefact of the experimental setup the 
lamp emission has increased due to power rather than  any significant change due to lamp  
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Figure 3.15 Measurement of spectral irradiance of trial lamps running in QCB  
 
 
 
 
 
Figure 3.16 Photographs of lamp arcs with lamp body (position of quartz envelope of lamp depicted by 
dotted lines).  
(Top= 1kW HNG lamp, Bottom= CBT003) 
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3.6 Discussion 
Assessment of Spectral Measurement 
In general, agreement was seen in the results provided from the comparison of the two types of 
spectroradiometer, photoemissive (DM150) and photovoltaic (OO2000). The spectral similarities have 
been demonstrated in Figures 3.7, 3.8, 3.9 and 3.10.  The limitations in spectral region below 230nm of 
the OO2000 were perceived as noise in the inherent reduction in spectral sensitivity of the detector 
described by Diffey (2002) (Section 3.2). However due to the number of pixels per nm, when averaged 
the noise seen in spectral measurements was negligible. The reduced detector sensitivity did have an 
impact on spectral measurements in relation to temperature, which was shown to have the potential to 
incur error depending on the temperature. This can be mitigated for (as discussed in Section 3.5 and 
used for Experiments 2B and 2C) however this does require a degree of skill and principally the ability to 
verify measurements taken and the methodology used. The lack of agreement by the 30 average 
measurements using the DM150 also highlighted unexpected variations seemingly caused by 
measurement settings. It may be that these variations are in fact artefacts of measurement due to AC 
fluctuation in lamp output, however as MP lamps are driven by AC and as in the case of the QCB can use 
electrical frequencies in the region of 50-60Hz this could also produce variations in absolute spectral 
irradiance measurements. This would require further measurements to confirm this interpretation. 
The variations in spectral measurements previously reported in the literature (Section 3.2) could well be 
in part due to error in the methodology of measurement or calibration of the spectroradiometer. The 
spectral differences discussed in Section 3.2 and displayed in the UVDGM do not show the same trend 
as that shown in Figure 3.11, however similar spectral data such as that presented by Jin et al (2007) 
(using an OO2000) was produced by measuring without calibration and then retrospectively back-
calculated to account for the spectral sensitivity of the detector. Due to very low sensitivity of the 
OO2000 below 220nm it would be easy for errors in spectral calculations to occur and could be at least 
in part be the cause of MP lamp spectra displaying limited spectral emissions such as the provided in the 
UVDGM (EPA, 2006). In spite of the potential for errors using photovoltaic spectroradiometers the 
flexibility in size and speed of measurement were vital in producing the data for both Experiment 2B and 
2C and thus an invaluable tool for specific applications. 
Assessment of MP QCB factors 
A reduction in temperature produced a relatively consistent spectral shift across the entire spectrum 
and a reduction in total emitted energy from the lamp (Figure 3.13) which is related to the internal 
mercury pressure of the lamp. An increased pressure increases the probable number of atom collisions, 
meaning the contributing proportion of mercury emission lines (253.7 nm and 185 nm) are reduced in 
favour of other transitions, resulting in a continuous spectral output (Elenbaas et al. 1965). Reducing the 
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temperature of the lamp and therefore its internal pressure has the opposite effect as shown in 
Experiment B. 
In contrast to Experiment B, a disproportional spectral shift and anisotropic output was measured in 
Experiment C. This can be attributed to the lamp arc being raised due to convection currents inside the 
lamp when using a conventional lamp driver (Elenbaas et al. 1965). This was confirmed directly by 
viewing the arc (Figure 3.16) with measured spectral variation similar to that reported by Schwarz-Kiene 
(2007), with further supporting evidence provided by comparative measurements of a prototype lamp 
with a lower internal Hg pressure (Figure 3.15). The rising of the arc above the centre line within the 
lamp body causes variation in the mean number of collisions between photon emissions at the arc to 
the lamp wall. The varying number of collisions consequentially varies the probability of transition 
energy levels and therefore changes the spectral emission from the lamp. The photons emitted from the 
underside of the lamp, as in the case of a collimated beam, have a greater distance to travel through the 
lamp plasma (Figure 3.16) and thus greater re-absorption of the 253.7 nm mercury emission line occurs 
with the reduction of the 250 nm-260 nm peak (Figure 3.14). An increased number of collisions between 
photon production at the arc and emittance at the lamp wall will cause the production of photons of 
higher wavelengths instead of those of higher energy and lower wavelengths (Elenbaas 1972). 
Verification of this theory did not lie within the scope of this study however data provided by Heering 
(2001) supports this interpretation. It is clear however that, lamps that operate at a mercury pressure 
that is high enough to cause a rise in the arc produce non-ideal spectral outputs for water disinfection 
studies, in which the entire range of UV wavelengths from 200-300 nm is desired.  
It is necessary that an appropriate collimated beam design should enable a medium pressure UV lamp to 
function within its design parameters by creating an environment of an appropriate temperature and 
the verification of spectral output of the lamp. It is also clear from the results of the present study that 
the spectral output of a lamp is not a ‘known’ quantity unless it is measured at the same temperature 
and orientation, accounting for any additional absorbance of UV light, such as by the quartz window 
(although the latter in this case was a relatively minor effect, as shown in Experiment 2A). It is critical 
that there is sufficient confidence that these conditions will result in reproducible and stable spectral 
output of the lamp.  
To illustrate the potential magnitude of impact of these variations on a UV fluence calculation in a UV 
disinfection study, an example fluence calculation was conducted with the following parameters: a 50 
mm diameter Petri dish, 10 mm deep water layer, three specified water matrices with different UV 
absorbance profiles (Figure 3.17), a fluence rate at 253.7 nm of 8.87 W m-2, and an action spectrum 
based on the absorbance of DNA reported by Chen (2007). Two lamp spectral outputs were considered, 
a ‘presumed’ spectrum B measured horizontally (as per Experiment 2A) and the actual spectrum A 
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measured in the collimated beam at the level of the Petri dish, thus including the effect of the quartz 
window (Figure 3.18). 
 
Figure 3.17  Absorbance of example water matrices and DNA. 
 
 
Figure 3.18 Lamp spectra used in the example fluence calculations. 
 
 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
200 220 240 260 280 300
R
e
la
ti
ve
 A
b
so
rb
an
ce
 (D
N
A
) 
A
b
so
rp
ti
o
n
 c
o
e
ff
ic
ie
n
t 
 c
m
-1
 
Wavelength (nm) 
Water Matrix 1 Water Matrix 2 Water Matrix 3 Action Spectra (DNA abs)
0
1
2
3
4
5
6
7
8
9
10
200 210 220 230 240 250 260 270 280 290 300
R
e
la
ti
ve
 S
p
e
ct
ra
l F
lu
e
n
ce
 R
at
e
 
Wavelength nm 
Spectral measurement A (incident to petri dish)
Spectral measurement B ( Horizontal in dark room)
73 
  
Table 3.1  Example UV fluence calculations based on different lamp emission spectra and water 
matrices. 
 Water Matrix 1 Water Matrix 2 Water Matrix 3 
Exposure 
Time (s) 
Spectrum A 
(J m-2) 
Spectrum B 
(J m-2) 
Spectrum A 
(J m-2) 
Spectrum B 
(J m-2) 
Spectrum A 
(J m-2) 
Spectrum B 
(J m-2) 
30 137.0 115.7 138.1 117.2 123.2 104.8 
60 274.0 231.4 276.1 234.3 246.3 209.7 
90 411.1 347.1 414.2 351.5 369.5 314.5 
120 548.1 462.8 552.2 468.7 492.6 419.3 
150 685.1 578.5 690.3 585.8 615.8 524.2 
Mean 
Error (% ) 
15.6 15.1 14.9 
 
Table 3.1 summarises the range of calculated UV fluences that would result from using the two different 
lamp spectra (spectra A and B, displayed in Figure 3.18 and the different hypothetical water matrices 
(Figure 3.14).  The variation between the presumed lamp spectrum (B) and the spectral output in the 
collimated beam (A) was 15.6%, 15.1% and 14.9% for water matrices 1, 2 and 3, respectively. The 
percentage error was fairly consistent across all the hypothetical exposure times, meaning that there 
will be larger absolute differences/error in the fluence values between scenarios A and B when 
considering higher fluences i.e. longer exposures.  
In addition to providing further confidence in the interpretation of results from Experiment 2C the 
development of a lower internal Hg42 pressure HP lamp provides a complete spectral output from 200-
300nm and a spectral peak from 250-260nm. This enables the production of microbial action spectra 
(AS) data from 200-300nm with the use of bandpass filters and the ability to verify AS from 200-300nm 
(as described for T1 phage in chapter 5).  
3.7 Conclusion and Recommendations 
The potential for error due to variables in sensor equipment or the methodological processes including 
lamp selection (particularly relating to the internal mercury pressure of the lamp) and its running 
conditions (including extraction and the ability to overcool a lamp influencing spectral output and if used 
the transmission of the quartz window between the lamp and sample) themselves is significant. While 
some of the sources of variations were previously hypothesised in the literature, this was the first study 
to rigorously investigate and quantify the magnitude of the variations. A hypothetical UV fluence 
calculation then illustrated the potential level of miscalculation due to these variables. Practical 
recommendations from these findings to meet the aim of this chapter in having an accurate and reliable 
method to assess polychromatic fluence are as follows: 
                                                          
42
 Dictated by the amount of mercury added during lamp production (Figure 3.15) rather than external factors e.g. 
cooling (Figure 3.13). 
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1. Select an appropriate spectroradiometer for the measurement task whilst understanding its 
limitations and the potential for error. A Bentham DM150 was selected for use in the 
following chapters. 
2. Maintain spectral measurement settings throughout the complete set of spectral 
measurements for experimental work. Settings of measuring at 1nm intervals using 15 
averages was selected. 
3. Select an appropriate internal MP lamp pressure for the spectral output required in MP QCB 
exposures. A lamp was designed for this purpose (designated Hanovia CBT003) and used in 
Chapter 5 enabling a complete output from 200-300nm (as the lamp pressure produced a 
stable arc and therefore near isotropic output). Practically this can be determined by selecting 
a lamp voltage of < 12 V cm-1. 
4. At a minimum, spectral measurements should be made prior to and after any polychromatic 
QCB exposure, and lamp voltage should monitored as a surrogate for lamp stability during the 
exposure. Spectral measurements add confidence to the spectral stability of exposures and 
voltage is directly related to the internal Hg of a lamp.  
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4. Methodological Development to Produce a High Resolution Action Spectrum  
 
In Chapter 2 the concept of an action spectrum (AS) and its critical role in the calculation of 
polychromatic fluence was discussed alongside the challenges of generating an AS (Section 2.4.3). To-
date, practical restrictions, particularly that of limited microbial response data below 220nm, has meant 
not only the inability to accurately calculate polychromatic fluence from 200-300nm but also the 
potential for inaccuracy in reactor validations.  
4.1 Chapter Aim 
The aim of the work described in this chapter was to devise a methodology to produce accurate and 
complete AS in the spectral region from 200-300nm. Such a methodology did not previously exist.  
4.2 Literature Review 
As discussed in Chapter 1, the production of microbial action spectra in relation to UV inactivation has 
been carried out for over a century and is still continuing in many other subjects, including different 
areas of biology, e.g. photosynthesis in microalga (Tamburic et al., 2014), as well as physics, e.g. 
photocurrent action spectra of organic photovoltaic films (Pettersson, Roman and Inganas, 1999) and 
chemistry, e.g. photocatalytic degradation of organic pollutants (Quesada-Cabrera, Mills and O'Rourke, 
2104). However to fully understand the progression of action spectra relating to UV disinfection a 
historical approach will first be described followed by more recent examples, with a specific focus on 
methodological approaches and a discussion of their limitations.  
Historic Approach to the Production of Action Spectra 
The subject of AS has its roots in the 19th century however the first AS for germicidal action was carried 
out in the 1920’s on bacteria (Coohill, 1997). This seminal work assessing the germicidal effects of UV 
radiation was undertaken in three parts by Gates (1929a), (1929b) and (1930) assessing Staphylococcus 
aureus using AS to provide information on biological chromophores, which in turn provided evidence 
that DNA was the carrier of genetic information (Jagger, 1976). Research requiring the use of AS 
continued throughout the early part of the 20th century, particularly with investigations focused on the 
elucidation of chromophores (Coohill, 1992).  
A key publication by Rauth (1965) produced UV-response data for a large number of microorganisms 
(Table 4.1) that is currently used as a primary source in the UVDGM (EPA, 2006). The investigation by 
Rauth (1965) was novel not simply because it produced a substantial amount of high quality data on 
various organisms but that it was able to do so because of the uniquely developed experimental 
equipment. The equipment developed as described by Johns and Rauth (1965) enabled high intensity 
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narrow spectral bandwidths (  1̴.2nm) to be used and therefore produced high quality AS data from 
225nm (Table 4.1). This was achieved by using a monochromator43 (a widely applied optics tool) and 
increasing the overall size of the unit (length = 3m) and its internal components, enabling a high 
throughput (Johns and Rauth, 1965). A number of variations on dispersion methods were assessed for 
performance, with the optimised design settling on two dispersion gratings mounted side by side (Johns 
and Rauth, 1965). This final design was used to produce the data reported in Rauth (1965). 
Table 4.1 Information from key action spectra publications 
Reference Organisms Assessed Spectral 
Equipment 
Used for 
Production 
Spectral Range 
and Spectral 
Bandwidth(s) of 
Exposures 
Comments 
(Gates, 1930) 
Staphylococcus 
Aureus 
High Pressure 
Hg lamp with 
Quartz 
Monochromator 
234.5-312.6nm 
Spectral data points provided 
from previous paper (Gates, 
1929a) 
(Kleczkowski, 
1963) 
Tobacco Mosaic Virus 
250W Xenon 
Lamp with 
Quartz 
Monochromator 
230nm -285nm 
BW = 2.5nm 
The origin of the term `Action 
Spectrum’ (Coohill, 1991) 
(Rauth, 1965) 
Viruses as follows: T2, 
фX174, R17, fr, MS2, 
7S, fd, vesicular 
stomatitis vaccinia, 
encephalomyocarditis, 
reovirus 3 and 
polyoma 
High Pressure 
Hg Lamp with 
Monochromator 
(Using 
Diffraction 
Grating (DG)) 
225nm – 302nm  
BW  ̴1.2nm 
Primary reference used in 
UVDGM (EPA, 2006) 
(Cabaj et al., 
2002) 
Bacillus Subtilis spores 
(ATCC 6633) 
400W Xenon 
Lamp with 
Monochromator 
(DG) 
214-352nm 
BW = 20nm 
Data used in ÖNORM (2003) 
for the assessment of 
polychromatic reactor 
performance 
(Mamane-
Gravetz et al., 
2005) 
Bacillus Subtilis spores 
and MS2 Virus 
400W Xenon 
Lamp with 
Monochromator 
(DG) 
214nm-293nm 
BW
44
 = 10nm 
 
(Linden et al., 
2007) 
Adenovirus2 
MP QCB with 
bandpass filters 
222nm- 289nm  
(Chen, Craik 
and Bolton, 
2009) 
Bacillus Subtilis spores 
(ATCC 6633) and 
Salmonella 
typhimurium LT2 
MP QCB with 
bandpass filters 
222nm-303nm 
Varying BW 
(WHM) from 
3.4nm to 13.3 
AS produced compared to 
isolated DNA from organisms 
 
There has been a significant amount of AS data produced even within the subject area of UV 
disinfection, i.e. focused on 200-300 nm, however only a few core references (Table 4.1) have had the 
greatest impact on the application of UV disinfection, namely the data produced by Rauth (1965) used in 
                                                          
43
 A monochromator employs a method of dispersion, usually a prism or diffraction grating (as per spectral 
measurements described in Section 3.2) which by rotation allows wavelength selection (Grossweiner and Smith, 
1989) 
44
 BW based upon the Width at Half of the Maximum value (WHM) 
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the UVDGM (EPA, 2006) and that produced by Cabaj et al (2002) used in ÖNORM (2003). The data 
displayed in Table 4.1 summarises the organisms that have been assessed, however there were 
important limitations of the spectral exposures, either in terms of the spectral range or the spectral 
bandwidths that were used. Specifically the limitations are the production of data below approximately 
220nm and or the production of narrow spectral bandwidths i.e. <10nm in width. These restrictions 
were simply owing to practical limitations of the equipment that was used. 
Practical Aspects Relating to the Determination of Action Spectra 
The use of a UV source(s) with a narrow spectral emission in a QCB such as a LP lamp, laser or more 
recently UV LEDs, as described by Bowker et al (2011)45, or even excimer lamps (Kamiko and Jogi, 2013) 
would be an ideal choice for the production of microbial AS, however because of limitations in the 
spectral range of these sources46, methods using a broadband UV source with bandpass filters is often 
employed (Jagger, 1967). In addition to the potential for variation in the spectral transmission of filters 
(Jagger, 1967), the ability to produce filters of equal bandwidths across the spectral range of interest is 
challenging (Chen, Craik and Bolton, 2009). A method of producing equal spectral bandwidth across a 
spectral range can be achieved by using a monochromator, a high precision piece of optical equipment 
and thus more costly than a bandpass filter. Filtering a broadband source either through using filters or 
a monochromator requires a UV source which covers the spectral region required (i.e. 200-300 nm in 
this case) whilst providing a relatively flat output (i.e. consistent level of output across the wavelength 
range) to enable flexibility in wavelength selection. The primary drawbacks to high intensity Hg sources 
include dominant spectral peaks and a severe restriction in the output below 230nm (Stimson, 1974) 
due to the high lamp pressures used47. Hence, to provide a relatively flat, consistent spectral output, an 
HP Xenon lamp can be employed, albeit at the cost of a reduced spectral intensity (Figure 4.1).  
                                                          
45
The study by Bowker et al (2011) being limited to 255nm and 275nm LED’s  
46
 The use of free electron lasers is proposed as a possible method of producing a high resolution AS (Sutherland, 
2002) however in addition to the limitations in spectral range described and likely costs it is possible for high 
power lasers to produce two-photon absorption (Nikogosyan, Oraevsky and Rupasov, 1983) (i.e. a second photon 
can be absorbed before the implications of the first absorbed photon have been produced) thus causing potential 
biological effects not seen in a UV reactor using an incoherent source of radiation. Thus this was deemed as a less 
desirable option.  
47
 The pressures used far exceed that used in Chapter 3 but the trend in reducing output below 230nm continues 
to the point of it being negligible. 
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Figure 4.1 Spectral Irradiance at 0.5m of a 200W high pressure short arc Hg lamp and 150W high 
pressure xenon lamp with a synthetic quartz sleeve (adapted from Anon(b) (2014)) 
The aim is the production of narrow spectral emissions of equal bandwidth across a desired spectral 
range, which as previously described for polychromatic UV disinfection is 200-300nm.  The ideal 
bandwidth would be 5nm however a necessity for AS produced would be the use of a bandwidth < 
10nm (Jagger, 1967). The underlying challenge therefore is the selection of a UV radiation source of 
sufficient spectral continuity and energy emission that can be combined with a method of narrow 
bandwidth selection in a manner that provides the desired wavelength isolation without significant 
energy losses. 
4.3 Chapter Objectives 
The specific objectives of the research described in this chapter are to: 
1. Construct an experimental apparatus that can produce selected incoherent irradiances at any 
point in the spectral region 200-300nm, with equal bandwidths of less than 10nm WHM (target 
5nm). 
2. Ensure the experimental apparatus produces data comparable to that of a QCB 
4.4 Method Development 
A tuneable light source (TLS) was selected (Figure 4.2) with an increased lamp power from the 400W 
used by Mamane-Gravetz et al. (2005) to that of 1000W incorporated with a modern holographic 
grating, whilst including the option of using a second monochromator in series to increase spectral 
purity if required. The selection of three gratings was made available to the user to enable optimum 
selection dependent on the desired spectral bandwidth, grating 1- ‘holographic’ (1800 groves/mm blaze 
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– 250nm), having an optimum bandwidth of 5nm, grating 2- ‘ruled’ (1200 groves/mm blaze – 300nm), 
having an optimum bandwidth of 10nm, grating 2- ‘ruled’ (600 groves/mm blaze - 300nm). 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 Schematic of original Tuneable Light Source (Plan View) 
The unit was assessed by measuring the spectral irradiance at the end of collimating tube attached to 
the exit of monochromator 1. Spectral measurements were taken using a Bentham DM150 (Reading, 
UK) spectroradiometer (calibration traceable to the National Physical Laboratory (Teddington, UK)). The 
output produced by the unit was stable however the uniformity of the exposure was poor, with a bright 
central projection of the arc changing rapidly to a significantly reduce intensity in the outer areas of 
irradiance, this not being desirable for QCB-style exposures. The primary limitation though was the low 
output (measured as irradiance) (Table 4.2). The irradiance values produced were completely unfeasible 
for practical experimentation and as such a solution of either equipment modification or replacement 
was required.  
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Table 4.2 Performance results of TLS in original configuration 
Measured Values from TLS Original 
Configuration 
 
Mean irradiance values 
provided in Mamane-Gravetz 
et al (2005) with a 10nm 
bandwidth (WHM). 
 
Target 
Central 
Wavelength 
Irradiance (W m
-2
)  
Measured 
Central 
Wavelength 
Irradiance (W 
m
-2
) 
Grating 
1 
260nm 7.8 x 10
-3 
 254.2nm 0.61 
 
280nm 13.9 x 10
-3
  265.5nm 0.89 
 
300nm 11.7 x 10
-3
  281.0nm 1.35 
Grating 
2 
260nm 2.0 x 10
-3
  293.5nm 1.64 
 
280nm 4.3 x 10
-3
    
 
300nm 7.1 x 10
-3
    
Grating 
3 
260nm 1.5 x 10
-3
    
 
280nm 2.9 x 10
-3
    
 
300nm 4.7 x 10
-3
    
 
On that basis a modification was produced making use of the opportunity available through access to 
lamp production facilities at Hanovia Ltd. The principle of the concept being to use the spectral change 
produced by internal mercury pressure to provide a range of high pressure (HP) lamps varying spectra 
that can be used interchangeable to cover the 200-300nm each of which producing a relatively flat 
discharge from which to isolate spectral bands. 
 The diameter of the optical lens used to capture radiation produced from the installed Xenon lamp was 
50mm diameter, as such a lamp with a 45mm arc length (AL) was selected and with a modified lamp 
holder this enabled two lamps to be fitted side by side, with the intention of maximising UV radiation 
entering the monochromator. Three lamp prototypes (45mm AL, 9mm internal diameter) were 
produced (by Hanovia Ltd to the authors specification) to assess the suitability of spectral output, 
containing: 16mg, 30mg and 250mg of Hg with voltages48 of 144V, 207V and 714V respectively. These 
were driven using a Hanovia 2kW conventional ballast and measured in a vertical position at 0.5m using 
a DM150 spectroradiometer (Figure 4.3). 
                                                          
48
 Lamp designed based on voltage predictions to Hg content as described by Phillips (1983)  
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Figure 4.3 Spectral emission of concept lamps for adaptation to tuneable light source 
The spectral results produced were encouraging, as theoretically the 16mg lamp could provide emission 
between 200-210nm, the 30mg lamp from 211nm-259nm and the 250mg lamp from 260nm to 300nm. 
Practically however two key limitations restricted this modification concept from being used. Firstly the 
250mg lamp required for the upper spectral range after a period of approximately 30mins exploded, the 
implication being the internal pressure and associated temperature was too high to be sustained over 
the extended periods of time required for experimental exposures. Secondly it was determined that the 
16mg, following testing within the TLS to assess its suitability for solely the 200-230nm spectral region, 
was in fact too long to be effectively focussed into the monochromator. Therefore although a sound 
concept in theory, practical limitations largely being due to artefacts of the original design prevented its 
application for experimental UV exposures. 
The original TLS configuration was not meeting previously achieved performance in literature and 
therefore it was inferred based upon the lamp used (synthetic quartz 1kW – Newport, Franklin, USA) 
and the specification of grating 1 that either one or some of the following were the case; sufficient UV 
ER was not being captured by the input optics or that excessive losses were occurring in the either/all of 
the optical components internal and/or external to the TLS and/or the coupling of the light and input 
optics to that of the monochromator. Following internal inspection of the monochromator the first 
collimating mirror was identified as being `overfilled’ (i.e. the ER from the source covered the mirror and 
beyond, thus identifying one source of loss) and therefore the optics were not correctly selected for the 
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monochromator. The throughput of TLS was considerably lower than expected making, the second in-
series monochromator redundant, therefore a radical modification was proposed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 Schematic of adapted Tuneable Light Source (Plan View) 
(Petri dish containing sample is placed under the combined exit displayed in Figure 4.4 and Figure 4.5) 
The new proposal (Figure 4.4) incorporated an adapted version of the current TLS (named TLS1) 
primarily upgrading the input and output optics by replacing the installed lenses for a 50.8mm F/1 
plano/convex synthetic condensing lens (Newport, Franklin, USA) followed by a F/5 plano/convex 
synthetic focussing lens (LOT Oriel, Surrey, UK,) directly into the monochromator, relying solely on the 
exit slit for bandwidth optimisation. A secondary TLS (named TLS2) was then formed by having 
monochromator 2 coupled to second light source (LOT Oriel, Surrey, UK,) comprising of synthetic lenses 
50.8mm in diameter (condensing F/1.3 and focussing F/4) with a 450W synthetic Osram (Munich, 
Germany) Xenon lamp.  
Following redesign of TLS1 and TLS2 an initial performance assessment was undertaken indicating 
extremely high levels of UV ER above 250nm (approximately ten times that of the LP QCB at 250nm) 
meaning that although below 250nm the irradiance levels produced were suitable for sample exposures, 
those above 250nm (especially in the case of TLS1 which produced higher relative irradiance levels to 
that of TLS2) would for the majority of organisms be too high to allow exposure times of sufficient 
length to ensure accuracy.  To address this, a 25mm diameter neutral density filter (LOT Oriel, Surrey, 
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UK,) was fitted to the exit port of each monochromator; the filter had an optical density of 1 and 
enabled the user to reduce the irradiance at the high wavelengths as required.  
The two independent units TLS1 and TLS2 were joined, as shown in Figure 4.5. The outputs of each TLS 
were merged by reflecting them onto an area designated for the samples with highly efficient UV 
reflective mirrors (25mm Diameter DUV mirrors, Melles Griot, Cambridge, UK), specially selected to 
reduce spectral losses. The final design produced a combined (from TLS 1 and TLS2) spectral bandwidth 
of 7.5nm bandwidth with integrated values from 205nm49 to 300nm (Figure 4.6), which successfully 
enables the production of a HR AS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                          
49
 The output of the TLS could enable 200nm to be selected for the lowest spectral parameter however the 
bandwidth used meant as a consequence 205nm was the lowest practical wavelength that could be used. 
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Figure 4.5 Construction of the final design of the Tuneable Light Source 
 
 
 
 
Exposure 
The mirrors installed (left) were 
used to angle outputs from 
both monochromators (middle) 
so that a fixed point from 
combined outputs (right) could 
be used for sample exposure. 
Preparation 
Two tables were adjoined and 
levelled with a single piece of 
plywood placed and clamped 
on both tables to form a solid 
and stable surface with which 
to experiment from. 
Alignment 
TLS 1 and TLS 2 were both 
levelled so that the exit ports of 
both monochromators were at 
the same height and aligned to 
enable merging of outputs. 
They were then both fixed in 
place to enable stable and 
repeatable experimentation. 
 Attenuation 
The option of using a neutral 
density filter installed in bracket 
(left) can easily be fitted or 
removed on the 
monochromator exit port 
(right) 
TLS 1 
TLS 2 
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Figure 4.6 Measured spectral irradiance from TLS final design 
(Neutral density filter used on both TLS1 and TLS on wavelength 265nm and above) 
 TLS Methodology 
The base holder for the TLS was designed enabling it to be fixed easily into position by guided rails into 
the exposure position, with the petri dish or detector holder being able to be fixed securely into place.  
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Figure 4.7 Graphical representation of TLS holder designs for petri dish and detector 
(A= Base Holder, B= Detector Holder (view up and view down), C= Lower section of petri dish holder D= 
Upper section of petri dish holder (view up and view down)) 
The petri dishes used for experimental work were custom quartz petri dishes (Multilab, Newcastle-upon 
Tyne, UK) made to dimensions to match the height of the detector50 (Figure 4.8). A 10mm petri dish 
diameter was selected firstly because it maximised the use of the exposure area without exceeding it 
and secondly it matched the area of the cosine corrector (ensuring the measured values would match 
that of the sample exposure). 
 
Figure 4.8 Custom quartz petri dishes used in TLS exposures (scale on ruler in mm) 
                                                          
50 Details of petri dish dimensions: 6.5mm-1.3mm (base of petri dish) = 5.2mm x 3.14 x 4.9mm2 = 392.0 mm3 – 
20mm
3
 Stir bar (5x2x2mm) = 372.0mm
3 
= 370mm
3 
(rounded down) = 370 µl = 0.37ml 
 
A B C D 
87 
  
4.5 Other Important Methodological Factors  
A set of further experiments were conducted to investigate other relevant factors in the methodology 
for producing AS data so that these could also be optimised.  
4.5.1 Comparative assessment of Radiometer and Spectroradiometer  
As an initial assessment as to the potential differences in methods of measurement and their 
calibration,  a LP QCB was used to provide a monochromatic, stable source of UV ER which also lies 
within a mid-point of uncertainty of error in each calibration (Appendix C- QA/QC) enabling a suitable 
wavelength for calibration. 
UV irradiance exposures were delivered with a 10W low pressure lamp (Atlantic Ultraviolet, New York, 
USA) mounted in a Rayox© QCB (Calgon Carbon, Pittsburgh, Pennsylvania, USA). Comparative 
measurements were made using a IL1700 radiometer with a SED240 detector (traceable to NIST) and 
QNDS2 filter (International Light, Massachusetts, USA), IL1400 radiometer with a SEL240 detector 
(traceable to NIST) and QNDS2 filter (International Light, Massachusetts, USA) and a DM150 
Spectroradiometer (traceable to NPL) with 10mm side entrance cosine corrector and fibre optic input 
(Bentham Instruments, Reading, UK). Two sets of measurements comprising of three samples per set 
were taken with all three measuring devices (DM150 settings being a 30 average scan from 250-260nm). 
All three measuring devices provided constant results within the boundaries of uncertainty of error, 
ranging from 2.1-4.1% difference in comparison to the measurements produced by the DM150 (Table 
4.3). These differences were not deemed to be significant, meaning that either instrument could be 
used.  
Table 4.3 Mean irradiance values from data set 1 (Table 4.1) and data set 2 (Table 4.2) 
Data Sets 1 and 2 
Data Set Instrument Mean Irradiance (W m-2) % error to DM150 
1 DM150 0.94 - 
1 IL1400 0.97 3.1% 
1 IL1700 0.96 2.1% 
2 DM150 0.94 - 
2 IL1400 0.98 4.1% 
2 IL1700 0.97 3.1% 
 
The previous spectroradiometer/radiometer comparison was only able to identify relative accuracy of 
the instruments to each other, and therefore to gain further confidence in the equipment and to 
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identify the most accurate method of measuring irradiance, comparison to a known absolute irradiance 
was required. Therefore, a KI/KO3 actinometry protocol (see Appendix B for full details) was carried 
assuming monochromatic radiation at 253.7nm. A 10W low pressure lamp (Atlantic Ultraviolet, New 
York, USA) mounted in a Rayox© QCB (Calgon Carbon, Pittsburgh, Pennsylvania, USA) was used to 
provide irradiation for samples. Comparison measurements were made using a IL1700 radiometer with 
a SED240 detector and QNDS2 filter (International Light, Massachusetts, USA) and DM150 
Spectroradiometer with 10mm side entrance cosine corrector and fibre optic input (Bentham 
Instruments, Reading, UK). 
In comparison to values determined by actinometry there was less than 5% error with that made with 
the DM150 whereas the ILT1700 was over 10% (Table 4.4). The DM150 value was within the uncertainty 
of measurement and was also the closest to actinometry value thus providing the required confidence 
for its use in AS experiments. 
Table 4.4 Results from comparing irradiance measurements from LP QCB using actinometry to that from 
DM150 spectroradiometer and IL1700 radiometer 
 
 
 
 
 
 
 
 
 
 
4.5.2 The effect of petri dish characteristics 
To assess the potential effect from reflection of altering the material and size of the petri dish, a series 
of LP QCB exposures was undertaken. 
UV fluences were delivered to the same sample of phosphate buffered saline (PBS) containing T1 phage 
(ATCC 11303-B1) in three different petri dishes; 47mm x 12mm plastic (Aqua plate, Phoenix Biomedical, 
Method Measurement 
W m-2 
Spectroradiometer (DM150) Before 1.16 
Spectroradiometer (DM150) After 1.15 
Spectroradiometer (DM150) Mean 1.15 
  
Radiometer (IL1700) Before 1.09 
Radiometer (IL1700) After 1.08 
Radiometer (IL1700) Mean 1.09 
  
Actinometry Sample 1 1.21 
Actinometry Sample 2 1.21 
Actinometry Sample 3 1.21 
Actinometry Mean 1.21 
  
Difference from  actinometry value % 
Spectroradiometer -4.48 
Radiometer -10.19 
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Mississauga, Canada), 10mm x 5.2mm quartz and 10mm x 5.2mm painted internally with matt high 
temperature resistant paint (Purimachos, Birmingham, UK). Standard methods described by Bolton and 
Linden (2003) were used with fluences calculated with LP spreadsheet (www.iuva.org). Experimental  
equipment used was a 10W low pressure lamp (Atlantic Ultraviolet, New York, USA) mounted in a 
Rayox© QCB (Calgon Carbon, Pittsburgh, Pennsylvania, USA) with irradiance measurements taken with a 
DM150 Spectroradiometer (traceable to NPL) with 10mm side entrance cosine corrector and fibre optic 
input (Bentham Instruments, Reading, UK). Samples were plated using bacterial host (ATCC 11303) at 
37°C. 
Significantly different results can be seen between the standard 47mm plastic petri dish to that of the 
10mm quartz with the latter displaying much increased levels of inactivation (Table 4.5). As the 
differences between the 47mm plastic and the painted 10mm quartz were negligible, it suggests that 
reflection of the UV ER within the unpainted quartz petri dish had a significant effect on the results, 
creating a positive bias in results compared to the standard plastic petri dish. This means that painted 
non reflective petri dishes must be used in the later AS work.  
Table 4.5 Summary of results comparing inactivation of T1 phage (ATCC 11303-B1) using host (ATCC 
11303)  
Petri Dish Fluence 
J m
-2 
Sample 
Details 
Reduction     
(log value) 
Mean 
Reduction      
(log value) 
47mm Plastic 79.9 A 2.8 2.77 
 79.9 B 2.7  
 79.9 C 2.8  
10mm Quartz (Shallow) 80.4 A 3.4 3.43 
 80.4 B 3.3  
 80.4 C 3.5  
10mm Quartz (Shallow 
and Painted) 
80.4 A 2.8 2.75 
 80.4 B 2.8  
 80.4 C 2.7  
 
4.6 Summary 
The steps described in this chapter have led to the production of an experimental setup and 
methodology which allow the generation of spectral range and bandwidth that could not be achieved 
using previously reported methodologies in the literature. The experimental design and verification has 
enabled a high level of confidence in the ability to produce a HR AS. In addition to the TLS design and 
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construction, the study also examined the choice of irradiance detector (radiometer versus 
spectroradiometer) and the impact of petri dish characteristics. The Bentham DM150 was selected due 
to the qualities identified in Chapter 3, the measurement area (defined by the cosine corrector) being 
equal to that of the petri dish and a reduction in the number of measurement instruments with 
associated calibrations (i.e. solely using a spectroradiometer rather than a radiometer in conjunction 
with a spectroradiometer). These also constitute important new contributions to knowledge, and their 
application to the production of high quality action spectrum data will next be described in Chapter 5.  A 
summary of the key outcomes of this chapter are stated below: 
 A tuneable light source enabling the production of high resolution action spectra by merging the 
outputs of two Xenon lamps each with an independent monochromator for wavelength isolation. 
 Selection of a robust approach to the measurement of irradiance and verification using actinometry. 
 Design and verification of a suitable petri dish for the tuneable light source removing the potential 
for error produced from internal reflection. 
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5. Producing a High-Resolution Action Spectrum for T1UV Phage 
 
The critical importance of having an accurate and complete microbial action spectrum (AS) for 
polychromatic fluence calculation has been discussed in Chapter 2, practical assessment and 
improvements to the methodology relating to polychromatic quasi-collimated beam (QCB) experiments 
were presented in Chapter 3, and development of the apparatus needed for the production of a high 
resolution AS was demonstrated in Chapter 4. In this chapter, these components are combined to 
demonstrate the production of high-resolution action spectrum (HR AS) for T1UV phage, a commonly 
used surrogate organism in validations of UV disinfection reactors for Cryptosporidium inactivation.  
5.1 Chapter Aim 
The aim of this chapter is to apply the concept and methodology of polychromatic fluence calculation 
proposed in the earlier chapters to a relevant microorganism using a complete germicidal spectral range 
of 200-300nm. 
5.2 Literature Review 
In the earlier summary of validation protocols (Section 2.5.2) it was explained how the German (DVGW, 
2006) and Austrian (ÖNORM (2003) UV disinfection protocols do not allow the application of 
wavelengths below 240nm (Table 2.2) whereas the American (EPA, 2006) protocol has no spectral 
restrictions on wavelengths. Thus when choosing the organism on which to focus in this chapter, 
surrogates proposed in the UVDGM (EPA, 2006) were considered (Table 5.1). The UVDGM does not 
prescribe the organism to be used during validation but it does describe the implications of using 
microorganisms of differing sensitivities to that of the target pathogen. If the sensitivity of a surrogate is 
lower than that of the target pathogen it has the implication of over-calculating the delivered reduction 
equivalent fluence (REF) of a reactor, and vice versa for that of a higher UV sensitivity surrogate, which 
is accounted for by the REF bias factor in the calculation of validated fluence (EPA, 2006). The impact of 
under-calculating a delivered REF in a reactor means that more energy (and hence the associated 
electrical and carbon costs) is required to meet a desired treatment performance, whereas over-
estimating the delivered fluence could pose potential health risk to consumers. 
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Table 5.1 UV sensitivity of microbial surrogates at 253.7nm commonly used or proposed in the UVDGM 
(adapted from EPA (2006)) 
Microorganism 
Reported UV Fluence (J m-2) Required to Produce Stated Log Reduction 
1 Log 2Log 3Log 4Log 
Bacillus Subtilis 280 390 500 620 
MS2 Phage 160 340 520 710 
Qß Phage 109 225 346 476 
PRD-1 Phage 99 170 240 300 
B40-8 Phage 120 180 230 280 
Фx174 Phage 22 53 73 110 
E.coli 30 48 67 84 
T7 Phage 36 75 118 166 
T1 Phage ̴ 50 ̴ 100 ̴150 ̴200 
 
To minimise the impact of REF bias as part of an optimised validation requires a surrogate that exactly 
matches the kinetics of the target pathogen, to produce a REF bias factor of 1.51 In addition, an Action 
Spectra Correction Factor (ASCF) is required when validating a polychromatic UV reactor (e.g. a Medium 
Pressure (MP UV reactor), which accounts for the differing spectral sensitivities of the surrogate (EPA, 
2006). It is therefore critical to have a surrogate which has both a closely matched UV sensitivity to the 
target organism (i.e. at 253.7nm) and also a closely matching action spectrum in the case of 
polychromatic UV disinfection. For the purposes of this study, Cryptosporidium has been selected as the 
hypothetical target pathogen due to its importance in the water industry and it being a common 
motivation for UV disinfection installation. 
The final version of the UVDGM (EPA, 2006) as previously stated does not prescribe the use of specific 
surrogates, but in contrast to the original draft (EPA, 2003) the inclusion of T1 phage in the final version 
of the UVDGM enables (due to its higher UV sensitivity) closer representation of the target pathogens 
Cryptosporidium and Giardia (Table 5.2) and as such has been used in full scale reactor validations 
specifically for this purpose (Wright, Gaithuma and Mackey, 2007). Although T1 displays beneficial 
qualities in terms of its UV sensitivity, the UV fluence-response data provided in the UVDGM (EPA, 2006) 
is limited due to the stated values being given only as approximations (Table 5.1) because of 
discrepancies in the literature regarding T1 fluence-response. 
                                                          
51 Alternatively the use of two surrogates the first with a lower sensitivity and the second with a higher 
sensitivity can be used to `bracket’ the target pathogen kinetics which also provides a REF correction 
factor of 1 (EPA, 2006). 
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Table 5.2 UV sensitivity of key target pathogens at 253.7nm (adapted from EPA (2006)) 
Target 
Pathogens 
Log Inactivation 
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Cryptosporidium 1.6 2.5 3.9 5.8 8.5 12 15 22 
Giardia 1.5 2.1 3.0 5.2 7.7 11 15 22 
Virus 39 58 79 100 121 143 163 186 
 
 Section 2.3.2 described the multi-component UV fluence response exhibited by T1 phage with an 
increased initial inactivation response followed by first order kinetics52. The UV fluence-response 
described by Harm (1980) is represented in Figure 5.1, with T1 providing an approximate sensitivity of 
61 J m-2 per log reduction and clearly exhibiting multi-component UV fluence-response kinetics (Section 
2.3.2). In contrast to the historic data describing the UV fluence response of T1 phage, Wright, Gaithuma 
and Mackey (2007) state that first order kinetics are observed between 0 and 5 log reduction. This raises 
questions as to the reason behind the conflict in observed fluence-responses and the potential 
implications on UV reactor validation. 
 
Figure 5.1 UV Fluence inactivation relationship at 254nm adapted from Harm (1980) for T1 and T3 
phage.  
                                                          
52 The same UV fluence response characteristics also described by Hollaender (1955) in addition to Harm 
(1980) referred in Section 2.3.2  
y = 0.3353e-0.038x 
R² = 0.9998 
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There are also variations in the selection of T1 phage strain and host strain in literature. T1 phage is 
stated to be used by the New York validation centre (USA) (Scheible, 2012) however, in a reactor 
validation from the same test facility it is stated that an isolate of T1 is used (provided from GAP 
Environmental Services) using bacterial host ATCC 700609. An isolate named ‘T1UV’ (HER 1024) 
deposited in 2005 is likely to be the same phage, although it is recommend to be used with bacterial 
host ATCC 11303 (Anon(c), 2014), the same host recommended for T1 phage (ATCC 11303 B1) (Anon(d), 
2014). The variation in published T1 fluence-response kinetics could be a discrepancy between the 
actual phage and host combination used, which can have a significant impact on UV sensitivity 
conclusions (Ellison, Feiner and Hill, 1960). This discrepancy requires further investigation so as to 
confirm the cause of such variation and to enable accurate, repeatable results for optimised UV rector 
validation. 
Calculation of Action Spectra and Polychromatic Fluence 
The basis of UV inactivation in disinfection is the absorption of a photon which causes a photochemical 
reaction consequently inhibiting an organism from reproducing; thus, the higher the probability of 
photon absorption by the chromophore the more `UV sensitive’ an organism (Section 2.21). As the 
photons within the germicidal region (i.e. 200-300nm in which photon absorption is probable) all 
contain enough energy to produce such a photochemical reaction, the relative effectiveness of each 
wavelength is solely based on the probability of absorption. In other words, the AS should display the 
same shape of the absorption spectrum if the following conditions stipulated by Jagger (1985) are met: 
1. The fluence response kinetics should be similar at all wavelengths (i.e. superimposable) 
2. At all wavelengths the quantum yield should be the same 
3. A minimal fraction of UV radiation should be absorbed by the sample at all wavelengths 
4. Fluence reciprocity must hold for all wavelengths  
Although all the points described above are critical, points 1 and 2 are especially fundamental to 
producing an action spectrum mimicking the shape of the absorption spectrum described above i.e. 
based on the absorption of photons. The implications of this being that an AS should be calculated using 
photon fluence (Section 2.4.1) rather than power based units (Harm, 1980) so that measurement of 
incident irradiation to the sample is not subjected to calculation error caused by the offset incurred 
from photon energy being dependent on wavelength (i.e. energy having an inverse relationship to 
wavelength, as described in Section 2.21. Jagger (1976) states that an AS is only reliable if the second 
condition (described above) holds and that when it doesn’t it becomes less reliable. When an arbitrary 
fixed point is used to determine the AS (Bolton, 2010) (e.g. at 2 log reduction) such an error in 
calculation could be envisaged due to converging and/or diverging kinetics causing the AS to change 
depending on the point of calculation selected. Some of the historic publications on the subject do use a 
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photon based approach to calculate AS (e.g. Rauth (1965)) though all recent publications produced in 
relation to UV fluence calculation have been energy-based, i.e. units of Joules (e.g. Mamane-Gravetz et 
al (2005)). The use of photon based units is fundamental to accurate calculation of polychromatic 
fluence as an AS composed of non-ideal kinetics (e.g. those that are wavelength dependent) will be less 
reliable (Jagger, 1976)) which transfers into the calculation of UV fluence. Hence verification of 
polychromatic fluence is required using AS generated using both power based and photon based units 
allowing assessment as to the severity differences between the use of units. 
The HR AS presented in this chapter will be novel due to the spectral range and bandwidth used (details 
provided in Chapter 4) but also due to the consistency of spectral measurements taken by reducing 
error from uncertainty of measurement. This is achieved by using the same equipment and method for 
absolute irradiance measurements for both the production of AS and the calculation of polychromatic 
fluence. This approach also enables examination of the fundamental principles of wavelength 
summation, which may not hold true because of the phenomenon of thymine dimer reversal (Section 
2.2.3). Theoretically, since the quantum yield of both photoproduct production and reversal are 
wavelength dependent, this phenomenon could invalidate calculation of polychromatic fluence (Harm, 
1980). In practice though, the UV fluences required for disinfection are likely to be far too low to cause 
measurable direct photoproduct reversal, since the biological system will be inactivated far before 
photoproduct reversal can be observed (Setlow and Setlow, 1965). Therefore, AS that will be produced 
in this chapter and subsequent polychromatic fluence calculations will enable the assessment of both 
potential errors inherent in the process and examination of the fundamental principles of polychromatic 
UV fluence. 
5.3 Chapter Objectives 
1. Determine and compare the UV fluence-response relationships of T1 and T1UV phage with 
bacterial hosts ATCC 700609 and 11303. 
2. Produce High Resolution Action Spectra (HR AS) using both photon-based and energy-based 
units for the selected phage and both hosts used from objective 1.  
3. Demonstrate polychromatic fluence calculation using the selected phage and hosts from 
objective 1 and the high resolution action spectra produced in objective 2. 
5.4 Methodology 
 
Stage 1 – Identification of a desirable phage and host combination 
Due to variation in the described phage and hosts used throughout the literature and the limited and 
varied description of sensitivity and inactivation kinetics, LP UV QCB exposures were first carried out on 
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T1UV phage (HER 1024), T1 phage (ATCC 11303 B1) with both phage plated with E. coli hosts ATCC 
700609 and ATCC 11303.  
LP QCB exposures were undertaken with a 10W low pressure lamp (Atlantic Ultraviolet, New York, USA) 
mounted in a Rayox© QCB (Calgon Carbon, Pittsburgh, Pennsylvania, USA) with irradiance measured 
with a calibrated IL1700 radiometer fitted with a SED240 detector and QNDS2 filter (International Light, 
Massachusetts, USA). Phage were suspended in PBS solution and exposed in a 47mm x 12mm petri dish 
(Aqua plate, Phoenix Biomedical, Mississauga, Canada). UV fluence was calculated using a LP IUVA 
spreadsheet (www.iuva.org) and with results were analysed with Minitab statistical software using a 
Friedman test on the T1 data and the T1UV data and two-way ANOVA on selected runs of both T1 and 
T1UV fluence-response data. 
Stage 2 Determining high resolution action spectra for T1UV with hosts 700609 and 11303 
Following Stage 1 it was deemed that a high resolution AS for T1UV phage (HER 1024) with both E. coli 
hosts ATCC 700609 and ATCC 11303 should be conducted. Spectral exposures were carried out using the 
final design of the TLS (Chapter 4) producing a bandwidth of 7.5nm. Spectral irradiance was measured 
with a DM150 Spectroradiometer (traceable to NPL) with 10mm side entrance cosine corrector and fibre 
optic input (Bentham Instruments, Reading, UK). T1UV phage was suspended in 0.05% PBS (to enable 
sufficient transmission of all interested spectral wavelengths) in a custom painted 10mm diameter petri 
dish (Chapter 4) using 5mm x 2mm Teflon coated stir bar. UV fluence was calculated on a 1nm basis 
using integrated spectral irradiance in the measured region +/- 10nm53 of central wavelength (CW) in a 
LP spreadsheet using a lamp distance of 60cm, the refractive index of the central wavelength and the 
spectral absorbance (measured with a 5cm path length). 
Inactivation kinetics were produced for each wavelength calculated in both energy-based units (J m-2) 
and in photon-based units (einsteins m-2). Using determined kinetics sensitivities for each wavelength 
measured could be determined relative to that at 265nm, then using a cubic spline fit (Data curve fit – 
add in for Microsoft excel) action spectra could be determined at 1nm intervals relative to 253.7nm. 
Stage 3- Verifying the action spectra 
Verification of the produced AS was achieved by producing and comparing LP and MP QCB inactivation 
kinetics. LP QCB exposures were conducted using a 10W low pressure lamp (Atlantic Ultraviolet, New 
York, USA)  and  MP exposures with a MP lamp CBT001 (Hanovia Ltd, Berkshire, UK) (Figure 3.15) 
(mounted in a Rayox© QCB (Calgon Carbon, Pittsburgh, Pennsylvania, USA). T1UV was prepared and 
exposed as per Stage 2, with LP UV fluence being calculated as per Stage 2 and MP UV fluence was 
                                                          
53
 For wavelength 205nm the integrated spectral irradiance was from 200nm-215nm due to the lower limit of 
calibration being 200nm 
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calculated with action spectra generated from stage 2 using an adapted MP spreadsheet 
(www.iuva.org). The spreadsheet calculated the Mean Germicidal Irradiance by using the sum of 
germicidal irradiance at 1nm steps (Absolute spectral irradiance (mW cm-2 nm-1) x Germicidal Factor x 
Water Factor x Reflection Factor x Divergence Factor x Petri Factor) which when multiplying by time 
provides UV Fluence mJ cm-2 which was then converted into SI units54.  
5.5 Results 
 
The results are presented in the three stages that were described in the methodology (Section 5.4). 
Stage 1-Inactivation relationships of phage T1 and T1UV with hosts 70609 and 11303 
Results from five independent exposures (labelled A,B,C,D and E) of both T1UV and T1 phage and both 
hosts ATCC 700609 and ATCC 11303 (referred to as phage name and host number from this point on) 
are displayed in Figure 5.2 and Figure 5.3. All four dataset combinations displayed good correlation (R2 
>0.96) however a noticeable spread in the data points at each target exposure was also evident. All the 
intercepts of the trend lines were unique however the gradients for each phage displayed similarity, T1 
(0.023x and 0.0201x) and T1UV (0.0248x and 0.0228x). The choice of host used has an impact on the 
initial inactivation sensitivity, with host 11303 exhibiting considerably more sensitivity to that of 700609 
when used with either phage. 
 
Figure 5.2 Fluence-inactivation relationships for T1 with hosts 11303 and 700609 using a LP lamp 
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Figure 5.3 Fluence-inactivation relationships for T1UV with hosts 11303 and 700609 using a LP lamp 
The data recorded at each measured fluence, phage and host was assessed for normality (Appendix A - 
Chapter 12) of which the results were mixed, however of those that did not show normality (e.g. T1 
113030 at 98 J m-2) the distribution histograms revealed the possibility of sub populations. To 
investigate, Figure 5.2 and Figure 5.3 were re-formatted (Section 12.3) to illustrate each exposure set 
identified individually, appearing to display distinct separations between data from individual runs 
rather than random distribution supporting the normality assessment. This suggested that there was 
another variable affecting inactivation sensitivity besides the host and phage type. A Friedman test 
(non-parametric) was used to assess the complete T1 and T1UV datasets with a two-way ANOVA used to 
assess selected data sets with normal distributions. All tests had P values of <0.0005 (Section 12.3) in 
terms of the importance of the host, therefore failing to reject the alternative hypothesis that host 
700609 and 11303 did affect the inactivation sensitivity of phage T1 or T1UV.  
To assess the impact of the different sensitivity of phage/host combinations (Table 5.3) REF bias values 
were determined as an example, using Cryptosporidium as the target pathogen. A UV transmission 
(253.7nm) of >65%  was selected as per the UVDGM (EPA, 2006), leading to the finding that T1UV 
700609 would have a REF bias value of 2.28 at a 1-log reduction and 1.04 at a 4-log reduction, whereas 
T1 11303 would have a REF bias value of 1.0 in both situations. 
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Table 5.3 Fluences required for described log reduction of T1 and T1UV phage with hosts ATCC 11303 
and ATCC 700609 based on linear equations displayed in Figure 5.2 and Figure 5.3 
 T1 Phage T1UV Phage 
Log Reduction 
(LogR) 
ATCC 11303 ATCC 700609 ATCC 11303 ATCC 700609 
1 19.9 52.7 21.5 43.6 
2 63.4 (31.7/log) 102.5 (51.3/log) 61.8 (30.9/log) 87.4 (43.7/log) 
3 106.8 (35.6/log) 152.2 (50.7/log) 102.1 (34.0/log) 131.3 (43.8/log) 
4 150.3 (37.6/log) 202.0 (50.5/log) 142.5 (35.6/log) 175.1 (43.8/log) 
5 193.8 (38.8/log) 251.8 (50.4/log) 182.8 (36.6/log) 219.0 (43.8/log) 
Fluence (J m-2) 
Required for 1 
LogR after first 
LogR 
43.4 49.7 40.3 43.9 
% Difference 
from lowest 
LogR 
+7.7% +23.3% 0% 8.9% 
 
Stage 2-Production of High Resolution Action Spectra  
The variation in inactivation sensitivities and total kinetics (i.e. inclusive of initial inactivation kinetics) 
identified in Stage 1 raises the question as to its impact on the production of an AS. T1UV phage was 
selected for the determination of AS because of its use in UV reactor validations to date (Section 5.2) 
and both hosts were considered again. 
Inactivation kinetics were produced for T1UV 113030 and T1UV 700609 using both energy-based units 
(Figure 5.4., 5.5, 5.6, 5.7, 5.8 and 5.9) and photon-based units (Section 12). The inactivation kinetics 
using both energy and photon based units were dissimilar and were thus not superimposable, as ideal 
kinetics described in Section 5.2 should be. This implies that the AS produced (Figure 5.10, 5.11, 5.12 
and 5.13) differed depending on the selected point at which the relative sensitivities were determined 
(i.e. the particular log inactivation selected) and was impacted across the spectral region below 230nm 
and between 260nm and 280nm. The differences were most noticeable in the more sensitive region 
below 230nm. The general spectral shape shows similarity to the pyrimidine and purine bases displayed 
in Figure 2.1, i.e. a spectral peak in the 260nm region with an increasing sensitivity from approximately 
230nm towards 200nm. The noticeable feature of the photon-based AS compared to the energy-based 
AS is the increased relatively sensitivity (Figure 5.14) below 230nm, which could have significant impact 
on polychromatic fluence calculations using these AS. 
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Figure 5.4 Raw inactivation AS data for T1UV phage and host 700609 
 
Figure 5.5 Raw inactivation AS data for T1UV phage and host 700609 for 230nm and 240 nm 
 
y = 0.099x + 0.0439 
R² = 0.99 
y = 0.0605x + 0.0949 
R² = 0.99 
y = 0.0232x - 0.1891 
R² = 0.97 
y = 0.0261x + 0.074 
R² = 0.98 
y = 0.0242x - 0.0547 
R² = 0.99 
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
0 20 40 60 80 100 120 140 160 180 200
In
ac
ti
va
it
o
n
 (
Lo
g 
V
al
u
e
s)
 
Fluence J m-2 
205nm 215nm 255nm 265nm 275nm
y = 0.0224x + 0.4528 
R² = 0.86 
y = 0.0129x + 0.1862 
R² = 0.99 
0
0.5
1
1.5
2
2.5
3
3.5
4
0 50 100 150 200 250
In
ac
ti
va
it
o
n
 (
Lo
g 
V
al
u
e
s)
 
 
Fluence J m-2 
230nm 240nm
101 
  
 
Figure 5.6 Raw inactivation AS data for T1UV phage and host 700609 for 290nm and 300nm 
 
 
Figure 5.7 Raw inactivation AS data for T1UV phage and host 11303  
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Figure 5.8 Raw inactivation AS data for T1UV phage and host 11303 for 230nm and 240nm 
 
 
Figure 5.9 Raw inactivation AS data for T1UV phage and host 11303 for 290nm and 300nm 
 
y = 0.0247x + 0.5195 
R² = 0.85 
y = 0.0129x + 0.4454 
R² = 0.98 
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
0 50 100 150 200 250
In
ac
ti
va
it
o
n
 (
Lo
g 
V
al
u
e
s)
 
Fluence J m-2 
230nm 240nm
y = 0.0116x + 0.152 
R² = 0.99 
y = 0.003x - 0.0558 
R² = 0.99 
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
0 200 400 600 800 1000 1200 1400
Lo
g 
R
e
d
u
ct
io
n
 
Fluence J m-2 
290nm 300nm
103 
  
 
Figure 5.10 High resolution energy-based action spectra of T1UV with host 700609 suspended in a 
RO/PBS matrix at 27°C 
 
Figure 5.11 High resolution energy-based action spectra of T1UV with host 11303 suspended in a 
RO/PBS matrix at 27°C 
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Figure 5.12 High resolution photon-based action spectra of T1UV with host 700609 suspended in a 
RO/PBS matrix at 27°C 
 
Figure 5.13 High resolution photon-based action spectra of T1UV with host 11303 suspended in a 
RO/PBS matrix at 27°C 
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Figure 5.14 Comparison of T1UV high resolution action spectrum data for hosts 113030 and 700609 
taken at 2-log reduction 
 
Stage 3- Verification of Polychromatic Fluence 
In general the MP results had close correlation to that of the LP results. The results for the LP results and 
photon-based MP results for T1UV 11303 with a doped sleeve55 (Figure 5.15) overlay whereas the MP 
results using power-based units display over-calculation of UV fluence in comparison to LP results. This 
trend is reversed when the MP lamp without the sleeve was used (Figure 5.16) with photon-based MP 
results under-calculating fluence and energy-based MP results providing the more accurate 
representation. The results for both MP comparisons not using a doped (Figure 5.18) sleeve show 
greater spread in the data, which could be partially due to errors in exactly achieving the low exposure 
times (lowest = 3.8 seconds). The energy-based MP results for T1UV 700609 with a doped sleeve (Figure 
5.17) also differ from the LP results, however in contrast to T1UV 11303 the UV fluence is under-
calculated. 
 
                                                          
55
 A doped quartz sleeve practically absorbs all radiation below that of 230nm. This is important in respect of the 
comparison between results with a doped sleeve  and those without because of the high relative sensitivity of 
T1UV phage displayed below 230nm and the differences between validation protocols and restrictions on 
allowable spectra Table 2.2 
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Figure 5.15 Inactivation relationship with T1UV and host 11303 using MP lamp with doped sleeve  
 
 
Figure 5.16 Inactivation relationship with T1UV and host 11303 using MP lamp with no sleeve 
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Figure 5.17 Inactivation relationship with T1UV and host 700609 using MP lamp with doped sleeve 
 
 
Figure 5.18 Inactivation relationship with T1UV and host 700609 using MP lamp with no sleeve 
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5.6 Discussion 
The study into the sensitivities of T1 and T1UV phage has generated important new data for use in UV 
reactor validation which is not currently available in the UVDGM (EPA, 2006). In addition to this, the 
comparison of phage and host and its impact on UV sensitivity has elucidated at least two of the causes 
(i.e. the selection of both phage strain and host strain) which explain conflicting UV sensitivity data in 
the literature. As T1 and other phage (T2, T3, T4, T5, T7) are sensitive to host selection (McLaren and 
Shugar, 1964) it is logical to propose particularly in respect to UV reactor validation that in contrast to 
the current approach both the phage and host should always be referenced together. 
In addition to the planned assessment of phage/host interactions, at least one other further interactive 
variable appeared to be present within the dataset. This could not be identified within the measured 
parameters however this is critical not only to the interpretation of experimental results but also to 
ensure accuracy of reactor validation. As the UV sensitivity changes in T1 phage due to host interaction 
are fundamentally caused by repair mechanisms (Harm, 1980) it is possible that repair influenced by 
external factors is the underlying cause of the measured variables. As T1 sensitivity can be affected by 
photoreactivation (Hill and Rossi, 1954) and the AS for photoreactivation is known to extend well into 
the visible spectrum (Muraoka and Kondo, 1969) the variables in plating time and other experimental 
conditions could have been the cause behind the variation in the inactivation results measured. Such a 
hypothesis could be assessed relatively simply by comparing inactivation results from phage plated on 
standard media to that plated on media including caffeine, which inhibits enzymatic repair (Harm, 
1966). If this is an additional variable, the use of caffeine as a plating supplement would provide a 
simple solution to improving accuracy during reactor validation. This is recommended for further 
investigation. 
The variation in inactivation kinetics even when calculated using photon based units indicated that the 
quantum yield and consequently the target molecule is changing with wavelength. Although having 
kinetics that are superimposable as described in Section 5.2 are ideal, practically this is rarely the case 
(Setlow, 1960). The potential for multiple target components is at least in the case of viruses supported 
by Eischeid and Linden (2011) who measured viral protein damage in addition to that of genomic 
material; this is particularly likely in viruses with wavelengths shorter than 240nm due to increasing 
protein absorption at that range  (Harm, 1980). With these limitations being noted, there was still a 
great deal of consistency with the produced AS independent of the determinant reciprocal value.  There 
was a clear distinction showing an increased AS sensitivity below 230nm when calculated using photon 
units, however when verifying polychromatic fluence there was good consistency throughout the data. 
This supports the accuracy and use of polychromatic fluence calculations and adds confidence in the use 
of polychromatic reactors. Additionally it supports data by Setlow and Setlow (1965) and Poepping et al 
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(2014) that direct photoproduct reversal does not inhibit inactivation or the calculation of polychromatic 
fluence.  
5.7 Conclusions and Recommendations 
Fundamental fluence-response and AS data was produced for T1 and T1UV phage, which are commonly 
used in UV reactor validation, identifying the dependence of host and phage selection on UV sensitivity. 
High resolution action spectra were produced for T1UV phage using two bacterial hosts calculated using 
both energy and photon based units. Polychromatic fluence verification was carried out using the 
produced AS in power and photon based units, all of which supported the underlying premise and 
assumptions inherent in the calculation of polychromatic fluence that were presented in earlier chapters 
(Chapters 3 and 4). 
The findings of this chapter highlight the need for both the phage and host strains to be identified when 
reporting UV fluence-response data and conducting UV reactor validations using these organisms. Such 
attention to detail will likely reduce the uncertainty of validation which ultimately will reduce the whole 
life costs of a UV system which is a critical selection criterion in the procurement process of an end user. 
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6. Genetic Identification of Suitable Viral Surrogates for UV Reactor Validation 
for Water Disinfection 
 
6.1 Aim 
To identify potential future microbial surrogates for use in UV reactor validation that will extend the 
fluence validation range and/or reduce the uncertainty of measurement. 
6.2 Literature Summary 
The use of biodosimeters is critical in undertaking the current process of UV reactor validation, as 
discussed in Section 2.5. Such a biodosimeter should be (EPA, 2006c): 
 Non-pathogenic  
 Simple to culture (to high concentrations) and enumerate 
 Produces repeatable results 
 Highly stable over time 
 A non-pathogenic host (if required) 
 A similar action spectrum to the target pathogen (for polychromatic reactors) 
Although surrogates exist for testing at lower fluences (Wright, Gaithuma and Mackey, 2007) a suitable 
surrogate to validate the upper fluence limits of validation has yet to be identified56 (EPA, 2006). The use 
of fungal spores (specifically Aspergillus niger spores) has been proposed by Petri et al (2011), however 
significant variation in UV sensitivity can be observed depending on growth conditions (Mamane, Taylor-
Edmonds and Lichi, 2012). Another fungal spore Bacillus pumilus has been assessed using 
monochromatic radiation from a LP QCB but also showed variation in UV sensitivity depending on 
growth conditions (Rochelle et al., 2010). Germicidal AS data on fungal spores is scarce, however an AS 
for Bacillus pumilus was produced by Verhooeven et al (2013) displaying a far higher sensitivity below 
255nm compared to MS2 phage or adenovirus 2. This is an undesirable quality for a surrogate for use 
with a polychromatic reactor as increased sensitivity will provide positive bias (i.e. greater inactivation 
compared to the target pathogen) during a reactor validation (Section 5.2).  
The methods currently available to identify potential surrogates for UV reactor validation are limited to 
assessing literature with the aim of identifying related studies indicating UV sensitivity or attempting to 
identify surrogate through association with other resistant organisms, e.g. Rochelle (2010) attempted to 
identify a viral surrogate for the bacteria Deinococcus radiodurans based on the host’s known resistance 
                                                          
56
 Even if current viral surrogates such as MS2 could be grown to a high enough titre, the need to use serial 
dilutions could introduce error (EPA, 2006) in addition to the `real’ fluence being higher than the measured fluence 
due to the use of a more sensitive surrogate to target pathogen (Section 5.2), the implications being that more 
energy is used than required. 
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to UV radiation. The limitations in the process of identifying potential surrogates and the associated 
time and cost of using an arbitrary method of selection has meant that few additional viral surrogates 
have been proposed57. An alternative method of UV fluence measurement has been suggested using 
Dyed Microspheres (DMs)58 (Blatchley et al., 2006) and demonstrated on both a monochromatic 
(Blatchley et al., 2008) and polychromatic UV reactors (Shen et al., 2009) however this has had limited 
application outside academic research (Scheible, 2012), and an actual biological surrogate is the 
approach still specified in UV reactor validation protocols.  
The fundamental principles of inactivation caused by molecular damage described in Section 2.2.2 and 
the indirect mechanisms of inhibiting such as damage (i.e. biological repair) described in Section 2.2.3 
can be considered as either intrinsic or extrinsic factors respectively (Harm, 1980). Such a concept is 
helpful when considering the potential for UV sensitivity of potential surrogates. Using the results from 
Chapter 5 as an example, the intrinsic sensitivity between phage T1 and T1UV was observed whereas 
the UV sensitivity of both phage are affected by the host selected59 i.e. an extrinsic factor. Since an ideal 
future surrogate would have first order inactivation kinetics, this suggests that intrinsic sensitivity should 
be the predominant contributor to overall UV-sensitivity.  
Intrinsic sensitivity by inference must be the probability of an absorbed photon that causes a 
photochemical reaction inhibiting reproduction i.e. inactivation of the microbe (Figure 2.5).  Knowing 
the molecular component(s) that cause inactivation i.e. predominantly genetic material (Section 2.2.2), 
a more fundamental reasoning behind varying sensitivity can be proposed. Kowalski, Bahnfleth and 
Hernandez (2009) produced a genomic predictive model of UV sensitivity in viruses which was 
superseded by Kowalski (2011) with an additional model for viruses and for bacteria. The basis of the 
model is predominantly  the assessment of an organism’s genome, assessing the occurrence of specific 
relevant sequences each with an assigned constant as part of the calculation (identified by earlier 
literature) e.g. two adjacent thymine TT bases. When such sequences (including their associated 
constants) are summed and then made proportional to the total number of base pairs (BP) in the 
genome, a dimerisation value (Dv) can be calculated.  
 
 
                                                          
57
 Fallon et al (2007) provides one of the few specific studies that includes an assessment of surrogates that can be 
used to represent Cryptosporidium spp, however the majority of other studies (excluding the referenced study by 
Rochelle et al (2010)) investigate only individual potential surrogates. 
58
 The use of DMs has the benefit of measuring fluence distribution within a reactor as each DMs (producing a 
fluorescent response proportional to fluence) can be measured using flow cytometry, and thus producing a fluence 
distribution of the reactor (Rochelle et al., 2010) which can only be modelled using biodosimetry data (Wright, 
Gaithuma and Mackey, 2007). 
59
 The host introduces variables such as repair mechanisms. 
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Equation 10 Calculation of Dimerisation Potential for genomic model 
𝐷𝑣 = 𝑆𝑎𝑇𝑇𝑏𝑇𝐶𝑐𝐶𝑇𝑑𝐶𝐶𝑒𝑌𝑅𝑓𝑌𝑔 (
𝐺𝐶
𝑇𝐴
)
ℎ
𝑀𝐶𝑆𝑖𝑏𝑝𝑗𝑀𝐴𝐷𝑘𝑆𝑈𝑉𝑙 
(Where 𝐷𝑣 is dimerisation potential, 𝑆 is the number of potential sites, 𝑌𝑅 represents a pyrimidine 
couplet flanked by a purine, 𝑌 is the total number of pyrimidines,  TT TC CT CC YR are number of dimers 
+ their hyperprimer values calculated in Equation 11 and , 𝐺𝐶 is number of Guanine molecules + 
Cytosine molecules,  𝑇𝐴 is the number of Thymine molecules + Adenine molecules, 𝑀𝐶𝑆 is mean cluster 
size i.e. number of sites/number or clusters, 𝑀𝐴𝐷 is mean aerodynamic size of the cluster, 𝑆𝑈𝑉 is 
reduction of UV due to refraction, a b c d e f g h I j k l are coefficients produced in the model) 
Equation 11 Calculation of additional hyperprimer value in addition to primer value 
𝑇𝑇 =  
𝑡𝑡 + 𝐻𝑇𝑇ℎ
𝑏𝑝
 
(Where 𝑇𝑇ℎ represents a hyperprimer (a cluster of Thymine molecules e.g. TTTTT), 𝐻 represents the 
hyperprimer multiplier specific to each 𝑇𝑇ℎ hyperprimer, 𝑡𝑡 is number of TT dimers, 𝑏𝑝 is number of 
base pairs) 
When the DV’s of a population of organisms with known UV sensitivities are calculated and plotted, 
regression analysis can be used to predict UV sensitivities of organisms for which only their genome is 
known (Figure 6.1). 
 
Figure 6.1 Results adapted from Kowalski (2011) display the calculated dimerisation value for DNA 
phage compared to known UV sensitivities (R2 value = 0.91).   
This enables prediction of UV sensitivities based solely on genetic information, and due to the large 
amount of information available on genetic databases, a targeted approach to identifying future 
surrogates specifically phage can be undertaken, narrowing the search for surrogates that could 
significantly improve UV reactor validation. 
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6.3 Objectives 
1. To determine whether a genomic analysis of phage to predict UV sensitivities could 
identify potential new surrogate organisms for high-fluence UV reactor validation. 
6.4 Methodology 
The identification of high-fluence UV surrogates was conducted by the following steps: 
1. Assemble a list of class 1 bacteriophage from biological suppliers (American Type Culture 
Collection- ATCC and Félix d'Hérelle Center for Bacterial Viruses) so that they can be sourced 
and used if required. 
2. Filter the results from the initial list (step 1) based on those bacteriophages which also have a 
class 1 host. 
3. Filter the results from the initial list (step 2) based on those bacteriophages which have a full 
genome provided by the National Center for Biotechnology Information (NCIB).60  
4. Filter the results removing  any bacteriophage with known UV sensitivity information e.g. T1 
phage. 
5. Locate genomes for the remaining bacteriophages. 
6. Conduct genomic UV-sensitivity prediction modelling for the filtered list (step 5) using the model 
of Kowalski, Bahnfleth and Hernandez (2014). 
7. Assess the potential applications of the predicted sensitivities in terms of UV reactor validation 
possibilities. 
6.5 Results 
A summary of the results of the methodology steps 1-4 is as follows: 
 
 
 
                                                          
60
 NCIB genomic database can be located at (http://www.ncbi.nlm.nih.gov/) 
1. List of viral surrogates 
182 Bacteriophages Identified 
2. List of viral surrogates with biological safety class 1 
bacterial hosts 
Filtered to 40 Bacteriophages 
3 and 4. List of viral surrogates with Class 1 hosts with 
access to full genome without UV response data following 
standardised CB methodology 
Filtered to 30 Bacteriophages 
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Following the completion of stage 4 the identified phage and their genomes61 were assessed using the 
latest genomic model by Kowalski, Bahnfleth and Hernandez (2014). The details of each of these phage 
and the predictive UV sensitivities are presented in Table 6.1. From the 30 phage identified 13 have 
predicted sensitivities that have been determined outside of the model dataset (i.e. extrapolated 
results) and therefore need to be interpreted with a degree of caution. All of the model predictions are 
displayed in conjunction with the model data in Figure 6.2 and 6.3. 
 
Figure 6.2 Single stranded DNA viral model and predicted surrogate UV sensitivities 
 
                                                          
61 Where required a genome of a similar phage was used if an exact match could not be located in the 
genomic database, this was the case for phage 12, 13, 16, 28, 29 and 30 in Table 6.1. This meant that the 
same genome and therefore predicted sensitivity was produced for phage pairs 12+29, 16+28 and 
13+30. 
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Figure 6.3 Double stranded DNA viral model and predicted surrogate UV sensitivities 
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Table 6.1 Details of potential viral surrogates and model predictions  
 
 Host Name Host ID 
numbers 
Host 
Class 
Phage 
name 
Phage 
identification 
numbers 
Phage 
Class 
 Virus 
Size 
(microns) 
Genome 
Details 
Genome 
size (BP) 
A (%) T (%) G (%) C (%) NCIB Number Hyperlink to genome Model J 
m-2 per 1 
log 
1 Pseudomonas 
putida 
HER 1353, 
ATCC 
12633 
1 gh-1 HER 353, 
ATCC 12633-
B1 
1 0.06 DS DNA 37359 22.6 20.0 28.3 29.1 NC_004665.1 http://www.ncbi.nlm.nih.gov/nucc
ore/NC_004665?%3Fdb=nucleotid
e 
7.7 
(EXTRAP) 
2 Pseudomonas 
syringae var. 
phaseolicola 
HER 1419,  1 φ13 HER 240 1 0.06 DS DNA 39562 22.6 19.2 29.2 28.9 φ15 = NC_015208 http://www.ncbi.nlm.nih.gov/nucl
eotide/325048360?report=genban
k&log$=nucltop&blast_rank=1&RI
D=1F17Y68601R 
11.7 
(EXTRAP) 
3 Pseudomonas 
putida 
HER 443 1 LU11 HER 1443 1 0.074 DS DNA 280538 24.1 25.0 25.3 25.6 NC_017972 http://www.ncbi.nlm.nih.gov/nucl
eotide/383389556?report=genban
k&log$=nucltop&blast_rank=1&RI
D=1F24D1R501R 
368.0 
4 Escherichia coli HER 1040  1 λvir HER 1037 1 0.087 DS DNA 48502 25.4 24.7 26.4 23.4 NC_001416.1 http://www.ncbi.nlm.nih.gov/nucc
ore/NC_001416?%3Fdb=nucleotid
e 
182.3 
5 Escherichia coli HER 1040 
(K12 
Lederberg) 
1 RB69 HER 158 1 0.074 DS DNA 167560 30.6 31.8 18.2 19.4 NC_004928.1 http://www.ncbi.nlm.nih.gov/nucc
ore/NC_004928?%3Fdb=nucleotid
e 
7.3 
(EXTRAP) 
6 Escherichia coli HER 1077 
(W3350) 
1 N4 HER 77 1 0.06 DS DNA 70153 29.7 29.0 20.7 20.6 NC_008720.1 http://www.ncbi.nlm.nih.gov/nucc
ore/NC_008720?%3Fdb=nucleotid
e 
8.7 
(EXTRAP) 
7 Escherichia coli HER 1213, 
JE-1 (N3) 
1 I2-2 HER 213 1 0.013 SS DNA 6744 24.4 32.9 22.2 20.5 NC_001332.1 http://www.ncbi.nlm.nih.gov/nucc
ore/NC_001332?%3Fdb=nucleotid
e 
60.5 
8 Escherichia coli HER 1252 1 Mu HER 253 1 0.074 DSDNA 36717 24.8 23.1 27.7 24.3 NC_000929.1 http://www.ncbi.nlm.nih.gov/nucc
ore/NC_000929?%3Fdb=nucleotid
e 
135.6 
9 Escherichia coli HER 1382 (      
Ymel mel-1 
supF58 ) 
1 HK97 HER 382 1 0.087 DSDNA 39732 26.1 24.1 25.6 24.2 NC_002167.1 http://www.ncbi.nlm.nih.gov/nucc
ore/NC_002167 
358.8 
10 Thermus 
thermophiles 
HER 1473 1 ѰYS40 HER 473 1 0.074 DS DNA 152372 32.7 34.8 15.7 16.9 NC_008584 http://www.ncbi.nlm.nih.gov/nucc
ore/118197620?report=genbank  
7.8 
(EXTRAP) 
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Continuation of Table 6.1 
 Host Name Host ID 
numbers 
Host 
Class 
Phage 
name 
Phage 
identification 
numbers 
Phage 
Class 
 Virus 
Size 
(microns) 
Genome 
Details 
Genome 
size (BP) 
A (%) T (%) G (%) C (%) NCIB Number Hyperlink to genome Model J 
m-2 per 1 
log 
11 Bacillus subtilis 
ATCC 
27689 
1 SPP1 
ATCC 27689-
B1 
1 0.087 DS DNA 44010 33.4 22.9 25.0 18.7 NC_004166 
http://www.ncbi.nlm.nih.gov/nucl
eotide/110431069?report=genban
k&log$=nucltop&blast_rank=1&RI
D=1F436D9J015 
95.0 
12 Escherichia coli 
ATCC 
15766 
1 f1 
ATCC 15766-
B2 
1 0.013 SSDNA 8454 27.5 28.8 23.0 20.7 If1 =    NC_001954 
http://www.ncbi.nlm.nih.gov/nucl
eotide/3676280?report=genbank&l
og$=nucltop&blast_rank=1&RID=1
F4GXY0W014 
11.7 
(EXTRAP) 
13 
Erwinia 
amylovora  
ATCC 
29780 
1 PEa1 
ATCC 29780-
B1 
1 0.06 DSDNA 60714 20.5 16.7 31.4 31.3  PEp14 = NC_016767 
http://www.ncbi.nlm.nih.gov/nucl
eotide/373429464?report=genban
k&log$=nucltop&blast_rank=1&RI
D=1F4THY4E015 
59.0 
14 Escherichia coli 
ATCC 
15669 
1 M13 
ATCC 15669-
B1 
1 0.013 SSDNA 6407 24.6 34.7 20.5 20.2 NC_003287 
http://www.ncbi.nlm.nih.gov/nucl
eotide/56713234?report=genbank
&log$=nucltop&blast_rank=1&RID
=1F55J869015 
3.9 
(EXTRAP) 
15 
Xanthomonas 
citri 
ATCC 
14982 
1 C 
ATCC 14982-
B1 
1 0.055 DS DNA 43870 23.4 23.3 26.9 26.4 CP1 = NC_019933 
http://www.ncbi.nlm.nih.gov/nucl
eotide/482841132?report=genban
k&log$=nucltop&blast_rank=1&RI
D=1F5F93A4015 
12.4 
(EXTRAP) 
16 Bacillus subtilis 
ATCC 
23059 
1 SP10  
ATCC 23059-
B1 
1 0.074 DSDNA 143986 32.8 26.7 23.0 17.5 NC_019487 
http://www.ncbi.nlm.nih.gov/nucl
eotide/340545089?report=genban
k&log$=nucltop&blast_rank=1&RI
D=1F5T1RSV014 
73.7 
17 Escherichia coli 
ATCC 
15597 
1 
phi V-
1 
ATCC 15597-
B2 
1 0.06 DS DNA 39104 26.3 24.7 26.1 22.9 
phi V-10 = 
NC_007804 
http://www.ncbi.nlm.nih.gov/nucl
eotide/155030137?report=genban
k&log$=nucltop&blast_rank=1&RI
D=1F69DMZX01R 
156.3 
18 Escherichia coli 
ATCC 
25868 
1 R 17 
ATCC 25868-
B1 
1 0.074 DS DNA 176788 28.3 28.2 21.9 21.6 RB16 = NC_014467 
http://www.ncbi.nlm.nih.gov/nucl
eotide/299829511?report=genban
k&log$=nucltop&blast_rank=1&RI
D=1F6NN4J1015 
60.5 
19 Escherichia coli 
ATCC 
29746 
1 
P4 sid 
1 
ATCC 29746-
B1 
1 0.074 DS DNA 11624 25.9 24.6 24.9 24.6 P4 =NC_001609 
http://www.ncbi.nlm.nih.gov/nucl
eotide/450916?report=genbank&l
og$=nucltop&blast_rank=1&RID=1
F73HHJB01R 
1804.6 
(EXTRAP) 
20 Escherichia coli 
ATCC 
13706 
1 
alpha 
3  
ATCC 13706-
B2 
1 0.03 SSDNA 6087 23.5 31.3 23.4 21.8 NC_001330 
http://www.ncbi.nlm.nih.gov/nucl
eotide/14775?report=genbank&log
$=nucltop&blast_rank=1&RID=1YH
DDYZ701R 
10.4 
(EXTRAP) 
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 Continuation of Table 6.1 
 Host Name Host ID 
numbers 
Host 
Class 
Phage 
name 
Phage 
identification 
numbers 
Phage 
Class 
 Virus 
Size 
(microns) 
Genome 
Details 
Genome 
size (BP) 
A (%) T (%) G (%) C (%) NCIB Number Hyperlink to genome Model J 
m-2 per 1 
log 
21 Bacillus subtilis 
ATCC 
27370 
1   SPO1 ATCC 27370 1 0.074 DSDNA 132562 32.1 27.2 22.7 17.3 NC_011421 
http://www.ncbi.nlm.nih.gov/nucl
eotide/209871149?report=genban
k&log$=nucltop&blast_rank=1&RI
D=1YHSEG6A01R 
106.5 
22 Escherichia coli 
ATCC 
25404 
1 P1 
ATCC 25404-
B1 
1 0.074 DSDNA 94800 25.9 26.7 23.5 23.8 NC_005856 
http://www.ncbi.nlm.nih.gov/nucl
eotide/33338653?report=genbank
&log$=nucltop&blast_rank=1&RID
=1YJ8MEU001R 
242.4 
23 Escherichia coli 
ATCC 
11303 
1 C33 
ATCC 11303-
B21 
1 0.074 DS DNA 165540 29.6 30.5 19.2 20.7 CC31 = NC_014662 
http://www.ncbi.nlm.nih.gov/nucl
eotide/284177830?report=genban
k&log$=nucltop&blast_rank=1&RI
D=1YJYF5GE01R 
9.8 
(EXTRAP) 
24 Escherichia coli 
ATCC 
21816 
1 MU9 
ATCC 21816-
B1 
1 0.074 DSDNA 36717 24.8 23.1 27.7 24.3 Mu = NC_000929 
http://www.ncbi.nlm.nih.gov/nucl
eotide/6010378?report=genbank&l
og$=nucltop&blast_rank=1&RID=1
YK954SR01R 
135.6 
25 
Pseudomonas 
fluorescens 1 
ATCC 
27663 
1 phi-S1 
ATCC 27663-
B1 
1 0.06 DSDNA 40192 23.3 20.5 28.3 27.9 NC_021062 
http://www.ncbi.nlm.nih.gov/nucl
eotide/397140350?report=genban
k&log$=nucltop&blast_rank=1&RI
D=1YUW8PKU01R 
34.8 
26 
Pseudoalteromo
nas espejiana  
ATCC 
27025 
1 PM2 
ATCC 27025-
B1 
1 0.061 DSDNA 10079 31.5 26.3 24.1 18.1 NC_000867 
http://www.ncbi.nlm.nih.gov/nucl
eotide/5453354?report=genbank&l
og$=nucltop&blast_rank=1&RID=1
YV5TRZR01R 
25.0 
27 Vibrio sp.  
ATCC 
11985 
1 
Virio 
sp. 
Phage 
ATCC 11985-
B1 
1 0.06 DSDNA 39503 28.7 28.6 22.7 19.9  VP4 = NC_007149 
http://www.ncbi.nlm.nih.gov/nucl
eotide/66473266?report=genbank
&log$=nucltop&blast_rank=1&RID
=1YVG2PP601R 
3.0 
(EXTRAP) 
28 Bacillus subtilis 
ATCC 
15563 
1 SP8 
ATCC 15563-
B1 
1 0.074 DSDNA 143986 32.8 26.7 23.0 17.5 SP10 = NC_019487 
http://www.ncbi.nlm.nih.gov/nucl
eotide/340545089?report=genban
k&log$=nucltop&blast_rank=1&RI
D=1YW5HC7801R 
73.7 
29 Escherichia coli 
ATCC 
27065 
1 If2 
ATCC 27065-
B2 
1 0.013 SSDNA 8454 27.5 28.8 23.0 20.7 If1 =     NC_001954 
http://www.ncbi.nlm.nih.gov/nucl
eotide/3676280?report=genbank&l
og$=nucltop&blast_rank=1&RID=1
YWEPZJU01R 
11.7 
(EXTRAP) 
30 
Erwinia 
amylovora  
ATCC 
29780 
1 PEa7 
ATCC 29780-
B2 
1 0.06 DSDNA 60714 20.5 16.7 31.4 31.3 PEp14 = NC_016767 
http://www.ncbi.nlm.nih.gov/nucl
eotide/373429464?report=genban
k&log$=nucltop&blast_rank=1&RI
D=1YWR99PC01R 
59.0 
 
(UV sensitivity predictions labelled EXTRAP indicate the predicted sensitivity is extrapolated from the dataset of the model, and those values underlined indicate the use of an alternative similar virus in the NCIMB database that has been used 
more than once within the predicted model)
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The group of 30 phage filtered from step 4 is composed entirely of phage having a genome composed of 
DNA and the majority of these (84%) have DS genomes. A very wide range of UV sensitivities are 
predicted which if categorised into 0-100 J m-2 Log-1, 101-200 J m-2 Log-1 and >200 J m-2 Log-1 have 21, 6 
and 3 phage per category, respectively. Several of the phage have been identified as exhibiting 
characteristics that may prove beneficial to reactor validation and their desirable qualities are stated 
below: 
 Phage 3 (LU11) – Provided the lowest predicted UV sensitivity (368.0 J m-2) within the model 
data (i.e. not extrapolated) approaching double the fluence required for MS2 phage and thus potentially 
increasing the upper viral validation range, potentially even meeting the 1860 J m-2 UVDGM 
requirement for adenovirus (Table 2.2). 
 Phage 7 (I2-2) – Provided the closest predicted UV sensitivity (60.5 J m-2) of all the SSDNA phage 
to that of Cryptosporidium and Giardia i.e. the likeliest possible candidate to replace T1 or T1UV phage. 
 Phage 9 (HK97) – Provided a low predicted UV sensitivity (358.8 J m-2) with the same application 
potential as phage 3. 
 Phage 29 (IF2) – Provided a high predicted UV sensitivity (11.7 J m-2) and is also a SSDNA phage, 
potentially enabling bracketing62 for a high UV sensitivity pathogens e.g. validating a reactor with  
Cryptosporidium as the target pathogen, phage 29 and phage 7 could be used as the higher and lower 
sensitivity surrogates respectively. 
6.6 Discussion 
The lack of available or even proposed high-UV fluence surrogates was the principal motivation for the 
research described in this chapter. The challenge to-date in identifying viral surrogates was reconfirmed 
by the considerable reduction in potentially useful surrogates when moving from step 1 of the 
methodology to step 4. This not only emphasised the scale of the challenge but also reinforced the need 
for such a method to help focus any investigation. The model itself is comprised of data of phage with 
experimentally determined UV sensitivities and is consequently limited in its ability to predict UV 
sensitivities outside the range of the dataset (i.e. extrapolated values). Phage 19 (P4 sid1) is the clear 
example with an extrapolated predicted UV sensitivity value of 1804 J m-2 for 1 log reduction, well above 
that of the upper UVDGM requirements for virus inactivation of 1860 J m-2 for a 4 log reduction. 
Although not produced using standardised QCB methods (see Chapter 3) Shore et al (1978) produced 
UV fluence response relationships that indicate a 4 log reduction of P4sid1 requires between 
                                                          
62
 Bracketing being the use of two surrogate organisms during reactor validation, one organism having greater 
sensitivity compared to the target pathogen and the other lower sensitivity. This enables reduced uncertainty of 
measurement requiring a REF bias of 1 i.e. no safety factor relating specifically to REF bias (EPA, 2006) 
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approximately 1000 J m-2 and 2300 J m-2 depending on sample concentration63. Therefore, those 
predictions produced from extrapolations are considered to have a far higher degree of uncertainty and 
should be treated with a degree of caution. 
The genomic model for DSDNA and SSDNA both display good correlation, however the latter has a 
better fit to the linear regression64, producing a higher R2 value, suggesting greater accuracy in the 
predicted values. However the SSDNA have less data points than the DSDNA model and therefore the 
perceived accuracy of predicted results might be at least in part an artefact of a reduced data set. Taking 
the limitations of the model into consideration, if Phage 7 (IS-2) does display a similar UV sensitivity as 
predicted (60.5 J m-2) or ideally slightly lower, then it could serve as ideal surrogate for a 4 log reduction 
of Cryptosporidium and Giardia (220 J m-2 (EPA, 2006)) on the basis that it displays first order kinetics 
(this being a presumption due to it having SSDNA). This would be a significant improvement when 
considering the variables described in Chapter 5 for T1 and T1UV phage, the currently used surrogates. 
The predicted low sensitivities for Phage 3 (LU11) and Phage 9 (HK97) of 368.0 J m-2 and 358.8 J m-2 for a 
1 log reduction, respectively, are approximately double the   1̴80 J m-2 displayed by MS2 phage (Table 
5.1). Assuming these UV sensitivities to be accurate this would require a 5.05 log reduction of Phage 3 
and 5.18 log reduction of Phage 9 to validate a fluence of 1860 J m-2 for a reactor with a target of 4-log 
adenovirus reduction (Table 2.2). To achieve this using MS2 phage would require a 10.3 log reduction, 
which is unlikely to be achievable in practical terms (stock concentrations being typically limited to 
between 108 and 1012 pfu ml-1 (Fallon et al., 2007)). Consequentially the potential of either Phage 3 or 9 
to have sensitivities as described could increase the ease in which the upper limits of reactor 
measurement. There is the potential, albeit subsequent to the verification of UV sensitivity to make a 
substantial impact to the industry and future disinfection reactor measurements. Such an impact would 
not only be conditional on the verification of UV sensitivity and a suitable AS (for polychromatic 
reactors) but for practicalities the ease of cultivation (to useful titres) and enumeration. Enumeration of 
Phage 3 produces plaques of less than 0.1mm and can be overgrown by the host (Anon(f), 2014), 
whereas Phage 9 produces plaques between 0.5 and 1mm (Anon(g), 2014) thus for this reason and the 
general simplicity of using E.coli as a host with access to a variety of strains with the potential to 
optimise UV sensitivity (Chapter 5), it is possible therefore that Phage 9 (HK97) has the practical 
potential to meet the needs of UV reactor validation. 
                                                          
63
 The variation in sample concentration indicating that absorption of the sample was not fully accounted for and 
therefore on this basis alone UV fluence was not accurately calculated (see Chapter 3 for further details). This 
means it more likely that the `true’ UV sensitivity is on the lower side of the scale provided by Shore et al (1978). 
64
 This may well be due to the variation in DSDNA viruses due to repair described by Harm (1980) and seen in 
Chapter 5 causing variability in the data points to which DV is plotted against. 
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6.7 Conclusion and Recommendations 
In this chapter the suitability of 182 phage as potential viral surrogates for UV reactor validation was 
explored. This led to only thirty possible candidates to model at a genomic level. Three of the modelled 
phage exhibited desirable UV-sensitivity predictions and more general characteristics. Phage 7 (I2-2), 
having a SSDNA genome with a predicted sensitivity of 60.5 J m-2, may provide a high sensitivity viral 
surrogate with first order kinetics for Cryptosporidium and Giardia without the sensitivity variables 
displayed by T1 and T1UV (Chapter 5).  Phage 3 (LU11) with a predicted UV sensitivity of 368.0 J m-2 and 
Phage 9 (HK97) with 358.8 J m-2 both offer a potential for high-fluence validation such as that required 
for a 4 log adenovirus reduction in the UVDGM (EPA, 2006c). The use of a genomic model to carry out a 
preliminary investigation of potential surrogates for reactor validation is not only novel but has 
highlighted potentially useful new surrogates for practical application, which if experimentally verified 
could directly improve current reactor validation methodology.  
It is therefore recommended for future research that all three identified phage are experimentally 
assessed in terms of UV inactivation kinetics. Following the identification of desirable characteristics a 
high resolution action spectrum (as presented for T1UV in Chapter 5) should be produced to enable 
their use for validation of polychromatic UV reactors. 
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7. A Novel Approach to Generate Ultraviolet Radiation Optimised for the 
Disinfection of Water 
 
7.1 Aim 
The aim of this chapter is to address the question: Can a high pressure plasma discharge be produced 
that exceeds the germicidal efficiency of a medium pressure mercury lamp, based on the action spectrum 
produced in Chapter 5? 
7.2 Literature Summary  
7.2.1 Overview of UV Sources and Criteria for Selection of Light Source Optimisation 
The development of sources of UV radiation is entwined with the development of sources of 
Electromagnetic Radiation (ER) in the visible spectrum i.e. visible lighting. These associations are not 
only in respect to the same fundamental principles of physics and design but practically as well. A key 
example being that of the LP Hg lamp which is essentially identical to that of a fluorescent lamp used 
commonly for residential lighting except for the addition of a phosphor coating which absorbs the UV 
atomic emission of mercury, and then subsequently emits in the visible region (Flesch, 2006). As visible 
lighting consumes approximately 25% of the worlds produced electrical energy (Lister et al., 2004) the 
goals for increased efficiency and extended lifetimes of visible ER sources are also aligned providing 
potential insight into an alternative method of UV ER generation. Sources of UV radiation are 
investigated and discussed below, however particular focus has been given to plasma sources, because 
of their current dominance of the market. Emerging sources and their impacts are also discussed. 
Plasma UV radiation sources 
Plasma lamps achieved commercial success in the 1930’s following on from the incandescent lamp65 
(Lister et al., 2004). A plasma66 lamp provides several benefits over an incandescent lamp. Firstly, 
radiation is produced with increased energy efficiency (i.e. the ratio of energy output to energy input). 
Secondly, as plasma-derived photons are produced from direct atomic excitation, their wavelengths are 
determined by the atomic constituents of the plasma, thus enabling the production of UV radiation 
(Coaton and Marsden, 1997). A number of methods have been developed to use plasma to produce UV 
radiation. The historically most successful methods67 are summarised below: 
 
                                                          
65
 An incandescent lamp emitting ER from a hot body e.g. a tungsten wire (Coaton and Marsden, 1997) 
66
 Plasma being defined by Piel (2010) “a gaseous mixture of positive ions and electrons” pg 29 
67
 The physical characteristics such as lamp size, electrode design etc can vary considerably depending on the 
plasma characteristics, however these are not discussed. Instead focus is given to the variation in plasma 
characteristics.   
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Low Pressure Discharge 
To produce suitable lamp plasma for use in UV disinfection an element or compound, Phillips (1983) 
states that the following characteristics must be achieved: 
 Relatively low ionization energy whilst having an excitation energy to produce resonance ER 
at desirable wavelengths 
 Sufficient vapour pressure to produce optimal internal lamp pressures whilst having a low 
enough boiling temperature to be in gas/vapour phase whilst at lamp operating 
temperatures 
 Chemically inert to lamp materials i.e. electrodes and lamp envelope 
Mercury (Hg) meets these criteria and hence is the primary constituent of the majority of lamp plasmas 
for both visible lighting and UV disinfection. Although other elements can be and are used in limited 
quantities e.g. xenon (as used in Chapter 4) practical challenges include high internal lamp pressure68 
creating problems when starting the lamp (Coaton and Marsden, 1997), and high running currents 
(Phillips, 1983).  
The Low Pressure (LP) Hg plasma discharge lamp is composed of a low internal Hg gas pressure 
(approximately 0.01 mbar) combined with a buffer gas that is usually argon (Schalk et al., 2006). The low 
Hg pressure ensures that the majority of electron excitations are at two energy transitions producing 
253.7nm and 185.0nm (Phillips, 1983). The Hg pressure (and therefore the impedance and 
consequentially the lamp power) is determined by the running temperature of the lamp (increasing 
temperature meaning increasing pressure) and regulating the amount of Hg in the gas phase to that 
condensed on the cold spot69 (Phillips, 1983) as shown in Figure 7.1.  More commonly, the practice of 
using a mercury amalgam (such as with bismuth or indium) enables better regulation of Hg in the gas 
phase (i.e. better stability) and enables an increase in power density, although secondary implications of 
this are reduction in radiant efficiency (Heering, 2004) in part due to the absorbance of resonance 
emission (Waymouth, 1971). 
  
Figure 7.1 Diagrammatic representation of key features of a Low Pressure mercury discharge  
                                                          
68
 Lamp pressures for compact Xenon lamps being in the region of 15atm cold and up to 60atm when running with 
the relevant temperature increase (Phillips, 1983) 
69
 Cold spot is the coldest point in the lamp and as such the point at which mercury will condense. 
Hg in gas phase 
Hg out of gas phase 
Electrode Assembly 
Lamp Wall 
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With the optimal selection of lamp variables (i.e. lamp geometry, Hg content, temperature etc.) an 
energy efficiency of 60% at 253.7nm can be achieved, however this is only at low power densities 
(<0.5W/cm approx. 0.2-0.3W/cm at 253.7nm); increasing power densities by up to 400% with the use of 
an amalgam and increasing tube diameter (in the region of 26-33mm) will reduce the lamp efficiency to 
the region of 36% at 253.7nm (Heering, 2004). Even at the highest efficiency, 40% losses are incurred 
which can be attributed to: the production of other wavelengths (3%), losses at the electrodes (15%) 
and elastic collisions with the tube wall and argon (22%) (Phillips, 1983). With such a temperature-
sensitive design, a limitation can be the temperature of the surrounding water, which, if at 4°C, would 
reduce the radiant efficiency to approximately 20% (Geoboers, Janssen and van der Meer, 2003). 
The development trend in LP discharges is to increase power density whilst maintaining radiant 
efficiency. In addition to the adoption of amalgam as previously described, the selection of the lamp 
driver is critical and further efficiencies have been gained by the use of a high frequency driver with a 
square wave (Phillips, 1983). During the mid-1970’s the concept of active heat regulation of the lamp 
through heating of the cathode and external heating of the lamp was employed, enabling optimised 
lamp conditions and therefore increased power densities (in part due to a reduction of re-absorption 
through line broadening) (Brandli, 1975). This concept has recently been reapplied to provide an 
increased output for UV disinfection (Fraser and Sasges, 2006) reiterating the desire for a high radiant 
efficiency and high power density UV source. Further developments in lamp driver electronics have seen 
the use of inductively coupled fluorescent lamps and are proposed as a future solution to enable further 
continuing improvement of the LP plasma lamp, by reducing net losses and extending lamp life by 
removing the need for electrodes (Heering, 2004). 
High Pressure Discharge 
The basic requirements for a High Pressure (HP)70 in terms of lamp fillings are the same as that of the LP 
discharge, and hence Hg is again the most commonly used filling. In contrast however, the amount of Hg 
(and hence consequentially the internal pressure) is significantly higher than that of a LP discharge and 
as a key distinction to that of the LP discharge, all the Hg is in the vapour phase (Elenbaas, 1972). This is 
shown in Figure 7.2 to illustrate this contrast to the LP discharge displayed in Figure 7.1. 
                               
Figure 7.2 Diagrammatic representation of key features of a High Pressure mercury discharge 
                                                          
70
 High Intensity Discharge (HID) are also included in the category of High Pressure lamps 
Electrode assembly 
Lamp wall 
Hg in gas phase 
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As in the LP discharge, an increase in Hg vapour pressure increases impedance, hence increasing voltage 
(V) and consequentially power density of the lamp. The pressure gradient is continuous between a LP 
and HP discharge however a clear distinction is made to that of a HP discharge when the temperature of 
the (Hg) ions and electrons reach an (approximate) equilibrium referred to as a Local Thermal 
Equilibrium (LTE) (Flesch, 2006) as shown in Figure 7.3. The temperature equality between atom/ion and 
electron is due to increased elastic collisions occurring because of increasing pressure (Waymouth, 
1971). This produces numerous fundamental changes to the way the lamp functions, two key 
distinctions being the radiant efficiency and spectral output.  
 
Figure 7.3 The relationship between the temperature of Hg atoms/ions and electrons in relation to 
pressure (adapted from Phillips (1983)) 
Losses in elastic collision are proportional to the difference between a low energy electron to that of a 
high energy atom/ion71, meaning that when LTE is reached, elastic losses approach zero (Waymouth, 
1971). Additionally, as power density increases so does the temperature of the lamp and in particular 
the arc72 which develops in the high pressure lamp, enabling thermal excitation and its subsequent 
emission (Flesch, 2006).  The arc develops because of a radial temperature gradient within the lamp; as 
temperature increases so does ionization (producing electrons referred to as current carriers) meaning 
                                                          
71
 LP discharge atom/ion temperature in the range of 300 and 700K and electron temperature above 10,000K.  HP 
discharge both atom/ion temperature generally between 4,000 and 11,000K depending on lamp conditions 
(Flesch, 2006) 
72
 Although the lamp temperature increases, the thermal losses are not surprisingly low due to the low thermal 
conductivity of Hg (Waymouth, 1971). The implications being the LTE provides disproportionate radiant efficiency 
benefits to the HP discharge in comparison to that of the LP discharge 
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that the current density is highest at the axis of the electrodes (Phillips, 1983). This means that the LTE 
as a consequence has a significant increase in net radiant efficiency (Figure 7.4). The stages displayed in 
Figure 7.4 show the transition between the optimal LP discharge (labelled 2) to reduction in efficiency 
with increasing pressure/power to that  more commonly used in UV reactors (between points 2 and 3) 
and the increasing efficiency of the HP discharge at the most common pressure region i.e. medium 
pressure UV lamps (labelled 4). 
 
Figure 7.4 The luminous efficiency of a mercury plasma discharge in relation to pressure (adapted from 
Kitsinelis (2011)) 
The second implication of increasing pressure and plasma temperature is that of changing spectral 
output. The LP discharge is dominated by atomic collision and spectral emission from excitation, hence 
the two narrow and dominant emission lines at 253.7nm and 185nm, this changes with increasing 
pressure, which Flesch (2006) states as being due to: 
1. Additional excitations occur from excited states to greater energy levels, producing 
numerous further emitted photons at different wavelengths 
2. Ionization occurs when subsequent excitations exceed atomic energy levels and a photon is 
then emitted on atom/ion recombination (contributing to spectral continuum’s e.g. 200-
230nm Hg continuum 
3. Bremsstrahlung- the process by which photons are emitted during acceleration or 
deceleration within the plasma (also producing a continuous spectrum) 
Therefore the HP discharge can be characterised by a high density high efficiency discharge with a 
spectral output form the UV to the Infra-Red (IR). Although the spectral output far exceeds that of LP 
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discharge, the plasma efficiency enables the total radiant efficiency to be approximately 1/3 of that of a 
LP discharge. With similar advances in high frequency electronic drivers as for the LP discharge, the 
expected lamp life can be between 2,000 to 8,000 hours dependent on lamp design parameters 
(Heering, 2004). The practical implications means that compared to a LP discharge a far higher UVC 
density can be achieved in more efficient discharge in respect to radiant efficiency, however a 
compromise is made with a lower spectral efficiency.  
Metal Halide Lamps 
The efficiency of the HP plasma cannot be optimised or improved by pressure control as discussed for 
the LP discharge because it already functions in the LTE. However in visible lighting a resourceful 
method has been employed to enable the use of elements with desirable excitation and ionization 
energies but with too high a boiling point or too low a vapour pressure (Phillips, 1983). The use of a 
halogen in conjunction with a desirable element will in most cases result in the reduction of the boiling 
point, enabling it to be used as directly or as part of a HP plasma (Phillips, 1983). Iodine is often the 
selected halogen over bromine and chlorine as it is less reactive with internal lamp components (Coaton 
and Marsden, 1997) whilst also generally producing the highest vapour temperature compared to other 
halogen compounds (Hirayama et al., 1977). The halide (in addition to the halogen component) is 
usually metal and hence the term Metal Halide (MH) is/are added to a high pressure Hg discharge 
(Keeffe, 1980). The Hg then performs the role of a `buffer gas’ (Phillips, 1983) which provides majority of 
the required gas vapour and electrical properties, although in this case does also contribute to the 
spectral output. The spectral output is almost entirely determined by the additional metal content73 due 
to the fact the excitation potential of the metals used are comparatively much lower than Hg 
(Waymouth, 1971) (Figure 7.5). 
                         
Figure 7.5 Diagrammatic representation of key features of a metal halide and mercury Lamp 
The lower vapour temperatures provided by the metals used in their halide form enables them to be in 
the vapour phase whilst at the operational temperatures of the lamp. As the temperatures increase 
towards the arc the halide dissociates and associates at lower temperatures at the lamp wall 
(Rautenberg and Johnson, 1964) (Figure 7.6). When the halide is disassociated at the lamp arc, 
excitation of both the metal and halogen is possible, however due to the higher energy potentials of the 
                                                          
73
 Although in most respects such a plasma can be considered similar to a pure Hg HP discharge the added halides 
can have a disproportional effect on lamp running conditions such as the size of the arc, both arc broadening and 
narrowing impacted by the electron carrying capacity (Waymouth, 1971) see section 7.3.5 for more details. 
Electrode assembly 
Lamp wall 
Hg in gas phase Halide compound in gas phase 
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halogen practically no excitation energy is emitted, meaning the output is dominated by the spectral 
characteristics of the metal rather than the Hg or halogen (Phillips, 1983). 
 
 
 
 
Figure 7.6 Diagrammatic representation of halide cycle from lamp wall to lamp arc 
 
The MH lamp appears in many ways to be the ideal solution to the limitations of low power densities or 
low spectral efficiencies associated with the LP and HP discharges respectively. In fact, the potential for 
MH lamps to produce spectral efficiencies (visible region) of 34% and enhance colour rending facilitated 
its entry into the lighting market (Keeffe, 1980). The ability of MH lamps to be used for UV generation is 
limited. Page (1986) used iodide additives (iron (FeI2), cobalt (CoI2), manganese (MnI2), antimony (SbI2)) 
to assess their impacts on UV outputs, and although FeI2 and MnI2 enhanced the UVA output, none of 
the iodides improved the output in the UVC region. Presumably this limitation is associated with the 
need for a lower excitation potential required for effective MH operation. 
Although the MH lamp provides highly desirable spectral and electrical characteristics, numerous 
practical problems were encountered and had to be overcome before commercial MH lamps were 
widely produced (Waymouth, 1971). One such limiting factor for the high intensity discharge (HID) is 
lamp life, which is closely associated with the high temperatures and small lamp geometry (Ishigami, 
1998). One benefit of a lamp running at a temperature above 500°C is that the absorption band at 
215nm which develops with time in quartz is removed74 (Phillips, 1983). As a MH lamp is designed with 
much smaller geometries and higher pressures, a geometry and pressure similar to that of a MP lamp is 
likely to gain the benefits of a HP discharge without the geometry related issues of a visible HID lamp. 
7.2.2 Summary and Conclusions for Ultraviolet Source Selection 
LP and HP Hg lamps dominate the UV disinfection market due to their relative operating simplicity and 
reasonable energy efficiency. Numerous stages of improvement have been made for the LP lamp, 
however its greatest limitation is internal losses caused by its low internal pressure. Improvements have 
been made to the HP lamp driver however ultimately the limitation in further efficiency improvements 
                                                          
74
 The absorption (thought to be due to loss of oxygen from the silica lattice) is removed by heating above 500°C 
and thus a lamp with a quartz envelope running at or above this temperature is assumed to reverse such a 
formation (Phillips, 1983). 
Halide compound disassociates due to 
higher temperatures at the lamp arc 
Halide compound recombines due to 
lower temperatures at the lamp wall 
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are related to the spectral output, determined by the lamp pressure. To meet the needs of a high 
efficiency and high density lamp, the MH lamp was assessed due to its success in visible lighting, and if 
the concept could be successfully applied to UV generation it would provide a desirable solution. The 
limitation of a prior attempt such as that by Page (1986) was the reliance upon Hg as the primary lamp 
filling which restricts the use of MH components with spectral lines of higher energy and therefore 
optimisation of spectral output in the UVC region. Therefore the MH concept provides an ideal concept 
solution, however the design concept needs to begin with first principles rather than relying upon 
current Hg-focused research to-date. 
7.3 Design Concept for Ultra Efficient High Pressure Ultraviolet Source 
7.3.1 Design Objectives 
The mandatory performance objectives to enable widening of the upper energy density range of 
disinfection applications of the lamp are as follows: 
1. An optimised spectral output between 200-230nm and 260-280nm 
2. Ability to run on a conventional lamp driver i.e. electromagnetic or electronic 
mercury/metal halide ballast 
3. Closely matched geometrical dimensions of a medium pressure Hg lamp  
4. A germicidal radiant efficiency better than that of an equivalent Hg based lamp 75 
The desirable performance objectives are as follows: 
1. A germicidal radiant efficiency of 20% or greater 
2. The ability to select an increased area of spectral output i.e. at 200-300nm or 260-
280nm 
3. No Hg lamp fillings 
4. A germicidal power density equal to or greater than a conventional medium pressure 
Hg lamp 
The described design characteristics both mandatory and desired are specifically of a narrow scope to 
enable a design concept and investigation to be undertaken. If a desirable output is produced and 
further developed to functional solution the additional performance data will enable a more 
comprehensive assessment relating to specific applications (including but not necessarily exclusive to 
water disinfection) comprising of a detailed assessment including the effect on whole life costs (inclusive 
                                                          
75
To warrant switching from a traditional Hg based HP lamp it must provide a competitive advantage i.e. increased 
germicidal efficiency. Section 7.1 provides an approximate figure of 12% germicidal efficiency for a Hg HP lamp 
however its efficiency will be related to lamp diameter i.e. the losses incurred from photon production at the lamp 
arc to that of emission of the lamp wall (Section 3.6). Thus 12% can be used as a guideline figure but a direct 
efficiency comparison of any proposed lamp to a Hg lamp of equal diameter must be conducted. 
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of lamp costs, lamp driver and combined efficiency) and specific application considerations such as the 
production of DBP. 
7.3.2 Design Concept, Rationale and Potential Difficulties 
To achieve the specified performance aim and objectives of the lamp the proposed concept is to 
produce a MH lamp with a dominant UVC output. This has been selected as a design concept as it is an 
adaptation of an existing approach used in visible lighting and is principally a high density discharge as 
required to meet the design objectives. 
The reasoning for selecting the concept of a UVC MH lamp was as follows: 
 Production of a HP discharge reduces  the energy lost thermally in proportion to energy 
emitted as radiation, i.e. a benefit of a high pressure discharge 
 The selection of an element (as part of a primary halide) that is spectrally preferential in both 
spectral and transitional lines than Hg and/or excitation energies are suitably low enough to 
enable a secondary halide with ideal excitation energies/spectral lines, i.e. the spectral 
benefits of the low pressure discharge 
 Producing a suitable plasma from the MH or combination of MH to enable a stable arc and 
suitable plasma resistance to enable desired power densities i.e. mimicking power densities 
and electrical characteristics achieved currently by medium pressure Hg lamps 
Attempts to enhance the UVC spectral output of a Hg based MH lamp have not been successful to-date. 
One possible cause of this lack of success could be because of the previous selection of elements e.g. 
antimony which has preferential spectral lines that have a higher excitation energy than Hg and thus not 
favoured, as was seen for elements with lower excitation energies, e.g. iron (Page, 1986). Therefore an 
alternative primary lamp filling is required to have similar physical characteristics to Hg  whilst also 
having lower spectral lines (i.e. higher photon energies)  than the lowest desired spectral region i.e. 200-
230nm. A suitable secondary lamp filling must have desirable excitation energies (spectral lines) and 
ionization energies, whilst providing functional vapour pressures both at lamp starting and running 
temperatures. 
The minimum vapour pressure to produce useful radiation at 1000K (726.85°C) is 133 Pa (1 torr) (Coaton 
and Marsden, 1997) with possible elements suggested by Waymouth (1971) to meet this condition 
being strontium, tellurium, magnesium, zinc, cadmium and caesium. Using an element in halide form in 
general increases vapour pressure, reduces the boiling temperature and metal iodides do not 
appreciably react with the fused silica such as magnesium (Waymouth, 1971) and zinc (Phillips, 1983).  
The halide(s) and ideally iodide(s) should meet a number of criteria. The primary halide should ideally 
mimic the vapour pressure characteristics of Hg whilst having dominant spectral lines lower than 
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253.7nm (i.e. a higher energy) enabling a secondary halide with a suitably high enough vapour 
temperature not to impact lamp characteristics, whilst having spectral lines of a desirable wavelengths 
200-230nm and/or 260-280nm to be preferentially selected in excitation. The halides also need to be 
stable at lamp wall temperatures and dissociate at arc temperatures (4000-6000K) (Coaton and 
Marsden, 1997) . Consequentially a spectral and functional assessment of primary and secondary lamp 
fillings is required to enable a lamp concept to be developed. 
7.3.3 Spectral Selection of Potential Elemental Candidates 
An initial assessment of potential elemental candidates was undertaken by identifying dominant 
spectral lines (from a neutral atom) from elements of rows 4-6 of the transition metals, rows 4-6 of the 
metalloids and rows 3-4 of the post transition metals from the periodic table. A summary76 of this 
information is displayed below in Tables 7.1-7.3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                          
76
 Spectral lines provided in tables are in order of relative values high to low. Where values are equal wavelengths 
they are stated in order of wavelength i.e. lowest wavelength  first, except where there are more than 3 of equal 
value or more than 1 value in third wavelength where the values are stated 
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Table 7.1 Dominant three spectral lines for the transition metals using relative figures of a neutral atom 
Element λ1 (nm) λ2 (nm) λ3 (nm) 
Scandium 391.2 390.5 402.0/402.4 
Titanium 399.9 365.3 430.6/364.3 
Vanadium 437.9 411.2 438.5 
Chromium 357.9 425.4 359.3/427.5 
Manganese 403.1 200.4 403.1 
Iron 248.3 373.5 248.8/358.1/372.0/373.7/374.6 
Cobalt 345.4 340.5 350.2 
Nickel 341.5 352.5 351.5/361.9 
Copper 324.8 327.4 223.0/224.4/521.8 
Zinc 213.9 334.5 481.1 
Yttrium 410.2 1790.3 1805.0 
Zirconium 360.1 386.4 389.0 
 Niobium  405.9 408.0 410.1 
Molybdenum 379.8 386.4 390.3 
Technetium 363.6 403.2 429.7 
Ruthenium 372.8 349.9 372.7 
Rhodium 369.2 343.5/352.8/365.8  
Palladium 340.5 361.0 363.5 
Silver 328.1 338.3 520.9/546.5 
Cadmium 643.8 228.8 346.6/361.1/508.6 
Hafnium 286.6 307.3 368.2 
Tantalum 265.3 271.5 264.7 
Tungsten 400.9 407.4 429.5 
Rhenium 346.0 346.5 200.4/204.9 
Osmium 201.8 204.5 203.4 
Iridium 208.9 203.4 215.8/254.4 
Platinum 306.5 340.8 304.3 
Gold 201.2 267.6 202.1/242.8 
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Table 7.2 Dominant three spectral lines for the post transition metals using relative figures of a neutral 
atom 
Element λ1 (nm) λ2 (nm) λ3 (nm) 
Gallium 417.2 294.3 403.3 
Indium 451.1 410.2 325.6 
Tin 284.0 235.5 286.3 
Thallium 351.9 535.0 377.6 
Lead 405.8 364.0 280.2/283.3 
Bismuth 306.8 223.1 289.8 
 
Table 7.3 Dominant three spectral lines for the metalloids using relative figures of a neutral atom 
Element λ1 (nm) λ2 (nm) λ3 (nm) 
Germanium 206.9 204.2 209.4 
Arsenic 286.0 278.0 189.0 
Antinomy 231.2 252.9 259.8 
Tellurium 200.2 214.3 182.2/185.7/199.5 
Polonium 300.3 245.0 255.8 
(Spectral data for Table 7.1, 7.2 and 7.3 sourced from Sansonettie and Martin (2013)) 
From the spectral information summary, eight possible elements appear to have desirable spectral 
characteristics, three for a primary filling (osmium, germanium and tellurium) and five for a secondary 
filling (tin, antimony, indium, tantalum and gold). To further assess these potential elements critical 
data of their known physical properties as elements and halides are presented in Table 7.4. 
. 
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Table 7.4 Critical physical properties of identified elemental candidates for MH lamp fillings 
Element Physical Properties  
( m.p. = melting point b.p. = boiling point) 
Osmium  Element m.p. = 3045°C b.p. = 5020°C 
OsBr4 m.p. 350°C b.p. no data and no data for OsI 
Germanium Element m.p. = 937.4°C b.p. = 2830°C 
GeI2 m.p. = 448°C b.p. = no data   
GeBr2 = m.p. 144°C b.p. = no data 
Tellurium Element m.p. = 449.5°C b.p. = 1390°C 
TeBr4 m.p. = 388°C b.p. = 414°C 
TeI4 m.p. = 280°C b.p. = 283°C 
Tin Element m.p. = 231.91°C b.p. = 2687°C 
SnBr4 = m.p. 33°C b.p. = 203.3°C 
SnI4 = m.p. 144.5°C b.p = 346.°C  
Antimony Element m.p. = 630.5°C b.p. = 1635°C 
SbBr3 = m.p. 96.6°C b.p. = 288°C 
SbI3 = m.p. 171°C b.p = 400°C 
Indium Element m.p. = 303.5°C b.p. = 1453°C 
InBr3 = m.p. = 436°C sublimation = 371°C 
SbI3 = m.p. 436°C  
Tantalum Element m.p. = 2996°C b.p. = 5425°C 
TaBr5 = m.p. 256°C b.p. = 344°C 
TaI5 = m.p. 496°C b.p. = 543°C 
Gold Element m.p. = 1064°C b.p. = 2660°C 
TaBr5 = metastable 
AuI decays at 100°C 
(Data provided from Holleman and Wiberg (1995)) 
The three candidates for primary lamp fillings identified based on spectral criteria can be reduced to a 
single candidate, tellurium due to the insufficient data supporting the stability of osmium and 
germanium as an iodide in the gas phase. Gold and indium were rejected as candidates as they would 
not produce suitable iodide, leaving tantalum, tin and antimony as possible candidates. Tantalum has a 
higher boiling point (BP) and although tin77 provides the lowest BP the spectral characteristics of 
antimony (two lines being approx. 260nm) and its previously use in lamps described by Page (1986) 
makes it the preferred choice for the initial concept prototype. 
7.3.4 Comprehensive Spectral Assessment of Potential Candidates 
A more detailed spectral assessment of tellurium and antimony was undertaken with the addition of 
Iodine due to common use as halogen for MH lamps. The dominant spectral lines from both neutral and 
singly ionized elements are displayed in tabular form and the complete spectral data78 has been 
displayed graphically. A summary of spectral data in the UVC regions of the three elements is also 
displayed.  
                                                          
77
 In addition practical limitations are incurred with the use of tin see Section 7.3.5  
78
 Data obtained for Sb contains spectral lines from neutral to -4 ionization whereas data for Te was only available 
for neutral and -1 ionization states  
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Tellurium 
Table 7.5 Dominant spectral lines from neutral and singly ionized tellurium (adapted from Sansonettie 
and Martin (2013)) 
Dominant Spectral Lines of neutral 
atom tellurium (Te I) 
Dominant Spectral Lines of singly 
ionized tellurium (Te II) 
Intensity (Rel) Wavelength (nm) Intensity (Rel) Wavelength (nm) 
500 182.2 40 107.8 
500 185.7 50 117.4 
500 199.5 60 117.6 
1000 200.2 50 132.5 
250 208.1 250 352.1 
700 214.3 250 400.7 
120 214.7 900 465.4 
20 225.9 800 564.9 
50 238.3 1000 570.8 
60 238.6   
200 972.3   
250 1005.2   
400 1109.0   
250 1148.7   
 
 
Figure 7.7 Spectral data points for tellurium from all ionization levels adapted from (Kramida, Ralchenko 
and Reader, (2012) 
Antimony 
Table 7.6 Dominant spectral lines from neutral and singly ionized antimony (adapted from (Sansonettie 
and Martin (2013)) 
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Dominant Spectral Lines of 
neutral antimony atom (Sb I) 
Dominant Spectral Lines of 
singly ionized antimony (Sb II) 
Intensity 
(Rel) 
Wavelength 
(nm) 
Intensity 
(Rel) 
Wavelength 
(nm) 
400 187.1 800 127.5 
   60 205.0   800 132.7 
  400 206.8   800 138.5 
   40 214.0  1000 138.8 
   40 214.5   800 143.6 
  600 217.6   800 157.6 
  100 217.9  1000 161.0 
  120 220.8   400 556.8 
 1000 231.4   500 600.6 
  800 252.9   300 613.0 
  600 259.8   
  400 287.8   
  250 323.3   
  300 326.7   
 
 
Figure 7.8 Spectral data points for antimony from all ionization levels adapted from (Kramida, Ralchenko 
and Reader, (2012) 
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Iodine 
Table 7.7 Dominant spectral lines from neutral and singly ionized antimony (adapted from Sansonettie 
and Martin (2013)) 
Dominant Spectral Lines of 
neutral Iodine atom (I I) 
Dominant Spectral Lines of 
singly ionized Iodine (I II) 
Intensity 
(Rel) 
Wavelength 
(nm) 
Intensity 
(Rel) 
Wavelength 
(nm) 
130 145.8 500 103.5 
200 151.8 500 114.0 
200 170.2 500 116.1 
150 178.3 1000 116.6 
1000 183.0 500 117.9 
200 184.4 800 118.7 
25 206.2 500 119.1 
130 511.9 1000 122.1 
130 804.4 1000 123.4 
200 905.8 1000 133.7 
  150 516.1 
  500 533.8 
  250 534.5 
  100 546.5 
  500 562.6 
 
 
Figure 7.9 Spectral data points for iodine from all ionization levels adapted from (Kramida, Ralchenko 
and Reader, (2012) 
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Combined Data 
Table 7.8 Weighting of spectral emission lines for iodine, antimony and tellurium adapted from 
Sansonettie and Martin (2013) 
  Elemental  Spectral Lines 
  
Iodine (I) Antinomy (Sb) 
Tellurium 
(Te) 
To
p
 5
 s
p
ec
tr
al
 li
n
es
 
1 183.0nm 231.4nm 214.3nm 
2 178.3nm 252.9nm 182.2nm 
3 184.4nm 259.8nm 170.0nm 
4 170.2nm 217.6nm 238.6nm 
5 133.0nm 936.3nm/287.8nm/206.8nm 225.9nm 
 
% relative 
intensity from 
top 5 lines in 
relation to total 
radiation 
76.8 28.479 63.9 
 
% relative 
intensity below 
250nm 
97.9 46.5 97.7 
 
The spectral data for tellurium is extremely encouraging as it exhibits predominant lines either below or 
in the lower region of the 200-230nm target spectral range whilst maintaining 97.7% of the spectral 
range below 250nm. Seven of the eight most dominant spectral lines of antimony are ideally placed 
within the two target spectral areas. Although a secondary region of spectral emission occurs from 
antimony between 800nm – 1000nm the overall lines produced appear favourable in respect of the 
desired spectral range meeting both the target areas of 200-230nm and 260-280nm.  
The underlying question is that of the transition lines for both tellurium and antimony. The concept of a 
High Pressure discharge means that numerous transition lines will likely be produced under the lamp 
pressures from increased collision frequency as in the HP Hg discharge. Also with increased pressures 
will be spectral emission from other sources such as recombination and bremsstrahlung. Therefore the 
total spectral output and spectral radiant efficiency will only be determined when measured at the 
designed lamp pressures. 
                                                          
79
 Calculated using 206.8nm as 5
th
 most intense spectral line 
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7.3.5 Functional Assessment 
A spectral assessment of elements has been undertaken with tellurium and antimony highlighted as 
potentially suitable elements for use in a UV MH lamp.  In addition to a desirable spectral output the 
fillings must also display functional characteristics. These are summarised in this section.  
Suitability of Halide Compounds for Lamp Plasma 
There are a number of key physical characteristics which any potential halide must meet particularly in 
relation to its ionization energies, thermal and vapour characteristics and specific molecular interactions 
associated with the halide compound. 
Ionization Energy 
A necessary feature of a lamp filling is a relatively low ionization level, which aids the starting of a lamp. 
A lower ionization level means less energy is required to produce free elections which in turn produce 
more electrons and so on, in what is described as the avalanche effect (Phillips, 1983). As displayed in 
Table 7.9 both antimony and tellurium have lower ionization levels compared to mercury and hence 
should be suitable to initiate a plasma discharge.   
Table 7.9 Ionization energies for mercury, iodine, antimony and tellurium adapted from (Kramida, 
Ralchenko and Reader (2013) 
Element 1st Ionization 2nd Ionization 
Mercury 10.4375eV 18.7568eV 
Iodine 10.45126eV 19.1313 
Antinomy 8.60839eV 16.63eV 
Tellurium 9.0096eV 18.6eV 
 
Arc Stability 
A characteristic of the high pressure discharge is the arc contraction  which if accounted for in design of 
a MP Hg lamp should produce a relatively stable straight arc (Section 3.4)  however, this is not 
guaranteed for a MH lamp (Phillips, 1983). Previous work with Hg based MH lamps has identified 
significant impacts of MH additives on the lamp arc either constrictive or broadening even though the 
proportional amount of the MH additive is minimal to that of Hg within the lamp. Recorded examples in 
literature are thorium, scandium and other rare earth metals which constrict the arc and make it more 
susceptible to internal fluctuations, whereas addition of alkaline metals (i.e. caesium, sodium, 
potassium) have the opposite effect and broaden the lamp arc having a stabilising effect (Waymouth, 
1971).  
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Arc stability is a critical factor in determining the functional suitability of the proposed plasma discharge 
concept, not simply because of undesirable anisotropic radiant characteristics (Chapter 3) due to the 
rising of the arc above the lamp axis when in the horizontal position (which can also cause condensation 
of MH on the underside of the arc), but in extreme cases the lamp wall can physically melt causing it to 
self-destruct (Phillips, 1983). The reasoning for the instability of the HP arc can be identified when 
assessing its fundamental thermal characteristics. The HP pressure lamps used in UV disinfection are 
characterised by having a significantly longer arc length than lamp diameter of the lamp. The arc is 
central to the lamp which is in part due to the physical characteristics imposed upon the arc by the walls 
of the lamp and in this case is referred to as a `wall stabilised’ arc (Elenbaas et al., 1965). This is a 
desirable feature of a well-designed MP lamp and is an aim for a high density, high efficiency MH lamp. 
The wall stabilised arc is a feature of a positive radial profile temperature which displays a sharp decline 
in temperature towards the lamp wall from the arc. This means that movements in the arc are stabilised 
due to cooling/heating effects incurred from moving from the centre of the lamp. If the lamp has a 
temperature gradient that drops rapidly from the arc rather than at the lamp wall there is no stabilised 
effect (Waymouth, 1971). Such instability causes the arc to rise (when mounted horizontally) with 
previously described spectral problems (Chapter 3) but also causing the possibly of quartz softening or 
halide condensation under the arc (Phillips, 1983). A critical design criterion to indicate a wall stabilised 
arc is the ratio of average excitation potential ?̅?  to that of the ionization potential and 𝜈𝑖 being greater 
than 0.585 i.e. ?̅? > 0.585 𝜈𝑖 (Waymouth, 1971). Tellurium and antimony have a ratio of 0.72 and 0.78, 
respectively and thus indicate that a wall stabilised arc should be produced80. 
Thermal Characteristics of Elements 
The lamp arc as previously discussed in Section 7.2.2 has a temperature of approximately 3700-4700°C 
however the temperature of the lamp envelope is expected to be lower than 800°C (Phillips, 1983). This 
by implication means that the high degree of thermal insulation is required not only to provide 
protection for the quartz envelope but also to restrict thermal losses of the discharge to maximise 
efficiency of the discharge. A number of data points for thermal conductivity are provided in Table 7.10 
for Te and Sb for comparison to Hg and Zn  (Phillips, 1983) that also produces a relatively high vapour 
pressure in elemental form (Waymouth, 1971)). Data for Te and Sb are similar although the key 
difference is that mercury exhibits a steady increasing trend with temperature whereas Te exhibits a 
decreasing trend. As the data for Sb is only a single point little can be interpreted however compared to 
the data on Zinc (Zn) showing considerable more thermal conduction it appears that approximately 
                                                          
80
 As both Tellurium and Antimony both have lower ionization potentials to that of mercury (Table 7.9) it should 
produce a more stable arc and possible that of a stable higher power density lamp to mercury not accounting for 
any interactions of from the halide. 
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similar thermal characteristics to that of Hg may be provided by a Te based lamp at temperatures at the 
lamp wall. 
Table 7.10 Conductivity of elements at specified temperatures, information adapted from the AIPH 
(American Institute of Physics Handbook) (1963) 
    
Element Molecular Weight Temperature °C Conductivity (W cm-1 °K) 
Mercury 
(Hg) 
200.61 0 0.084 
  100 0.095 
  200 0.107 
  300 0.118 
  400 0.126 
  500 0.133 
Antimony 
(Sb) 
121.76 700 0.22 
Tellurium 
(Te) 
127.61 460 0.20 
  500 0.13 
Zinc (Zn) 65.38 450 0.59 
  500 0.59 
  600 0.58 
  700 0.57 
 
Metal Halide Characteristics and Interactions  
Critical to the stability of any halide lamp proposed is stability and interaction between the halide 
compounds filling used for lamp filling, particularly the primary fill compound. As spectral selection in 
Section 7.23 identified only Te as an appropriate primary filling an assessment of literature on Te as a 
metal iodide has been undertaken with key information being provided alongside information for Sb in 
Table 7.11. 
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Table 7.11 Chemical properties of tellurium and antimony halides adapted from Holleman and Wiberg 
(1995) 
Compound Oxidation 
State 
Bromide Iodide Additional Information 
Te +1/2 Te2Br Te2I 
(Shiny Dark Cystals) 
 
Te +1  (α)Te2I2          (ß)TeI 
Dark crystals α 
stable 
m.p. 185°C 
ß metastable 
 
 Te +2 TeBr2 
Gas phase only; 
ΔHf(g) + 15kJ 
TeI2 
Gas phase only; 
ΔHf(g) +82kJ 
 
Te +4 TeBr4 
Yellow Crystal 
m.p. 388°C 
b.p. 414°C 
ΔHf(g) -188kJ 
TeI4 
Black Crystal 
m.p. 280°C 
b.p. 283°C 
ΔHf(g) -69kJ 
 
TeI4 sublimes to 
TeI4(g), TeI2 (g) + I2 
(g). In can also 
form Te(s) + 2I2 (g) 
followed by 
equilibrium 
between solid and 
gas phase and then 
all in the gas phase 
Mixed tetrahalide can be formed 
TeBr2I2 (m.p. 325°C, b.p. 420°C) 
 
Te(l)+I2(l)        TeI4(g),  
ΔHf = +62kJ mol
-1 
 
TeBr4 and TeI4 decompose 
completely above 500°C and 400°C 
respectively forming TeX2 + X2 
Sb  Sbr3 
Colourless 
crystals 
m.p. 96.6°C 
m.p. 288°C 
ΔHf(g) 259.4kJ 
SbI3 
Ruby red crystals 
m.p. 171°C 
b.p. 400°C 
ΔHf(g) 100.4kJ 
Sbr2I can be formed (m.p. 88°C) 
 
Table 7.11 describes both Te and Sb as iodides TeI4 and SbI3 respectively with m.p. and b.p. data as 
previously stated in Table 7.4 with little additional information to note regarding SbI3. TeI4 presents 
additional complexity when in the gas phase as required for a HP lamp discharge. Kniep and Rabenau 
(1983) describe core reactions between Te and I from the solid to the gas phase, these being described 
in Equations 12-16 below: 
TeI4(g) ⇋ TeI2(g) + I2(g) 
Equation 12 Thermal decomposition of tellurium tetraiodide in the vapour phase 
(The proportion of TeI2 formed is temperature dependent and increases with temperature, at >500°C 
this is near completely TeI2. There are also isolated (TeI4)4 tetramers.  
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Te(s) + I2(g)  ⇋ TeI2(g) 
Equation 13 Sublimation and deposition of tellurium dihalide 
TeI4(g) ⇋ Te(𝑠) + 2I2(g) 
Equation 14 Sublimation and deposition of tellurium tetraiodide  
I2(g) +  I2(g) ⇋ 2I2(g) 
Equation 15 Thermal decomposition of iodine in the gas phase at temperatures above 600°C 
2TeI2(g) ⇋ Te2(g) +  2I2(g) 
Equation 16 Thermal decomposition of tellurium iodide in the gas phase at temperatures above 600°C 
To have Te in the gas phase it must transition from TeI4 through various states and compounds however 
above 600°C Te will be in the gas phase although interchangeably as an iodide or diatomic Te. It is 
unknown whether this will impact the stability of the arc however to ensure Te does not condense into 
the solid phase a wall temperature of 600°C must be maintained with a minimum I to Te ratio of 2:1. 
Complex iodide vapours can form (Hirayama et al., 1977) and this is a possibility between Te and Sb 
iodides, possibly adding to further spectral and functional complexity, however as Sb will be a secondary 
filling it will comprise only of a small proportion to lamp performance, and for design purposes only the 
Te iodide formations will be assessed.  
The proportion of iodine to that of the element in question is critical. Waymouth (1971) describes the 
two methods used to ensure an adequate amount of iodine is present. Firstly provide exact iodine to 
element ratios are added to form a complete number of halogen compounds, secondly an excess of 
iodine can be added to that of the element reducing the likelihood of elemental condensation at the 
lamp wall. In the latter case the author addresses the problems of free I2 which is a strong light absorber 
and can cause loss of metals over time can cause problems with lamp functionality. In a Hg based lamp 
this is resolved with the formation of HgI2 which is transparent and relatively unstable. 
Pressure Characteristics of Selected Halides 
A critical component of lamp plasmas described in Section 7.2.1 is the ability for the lamp filling to 
provide sufficient internal lamp pressure. In contrast Hirayama et al (1977) discuss the issues relating to 
having too high a pressure from halides and the need to limit the amounts used. As the MH lamp is 
designed to function around the same principal design criteria as a Hg HP lamp (Waymouth, 1971) it is 
prudent to assess pressure of the lamp fillings in relation to temperature compared to that of Hg. 
Pressure data for both TeI4 and SbI3 are limited however pressure curves Te2I2 are displayed alongside 
those of I2, TeBr4, and Hg in Figure 7.10.  
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Figure 7.10 Vapour pressure curves for potential lamp fillings in respect to temperature (I2, Te2I2 and 
TeBr4 adapted from Derra and Nielman (2003) and Hg and SbI3 adapted from Phillips (1983)) 
The pressure curves displayed in Figure 7.10 identify I2 as exhibiting significantly higher pressure at 
equivalent temperatures to all of the halides assessed, whereas TeBr4 produced significantly lower 
pressures to all other comparative pressure curves81. Similar pressure characteristics can be seen with 
both TeI4 and SbI3 however the former shows the closest match to the Hg pressure curve and the latter a 
slightly offset curve with that of a lower pressure. TeI4 displays a near ideal pressure curve for that of a 
MH lamp to replace that of a HP Hg lamp. Some caution is required as the data is based upon TeI2 and I2 
and so based on the higher pressure curve for the latter this could be positively distorted when 
comparing it to the use of solely I2. Having the I2 at the higher pressures described may also incur 
efficiency losses due to convection as described by Fohl (1975) with increasing internal pressures in Hg 
based HP lamps. 
Summary of Functional Assessment 
Spectrally Te provides suitable lines for use as a primary lamp filling with Sb as a secondary filling, with 
both elements providing evidence of suitable energy potentials to that required for ionization to 
indicate the production of a wall stabilised arc. Te appears to provide suitable thermal and pressure (as 
TeI4) characteristics to match Hg as the primary lamp filling. Te will provide a stable iodide at pre 
running conditions as TeI4 which will be converted to TeI2 in the gas phase. The only possible 
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disadvantage identified in the assessment is that over 600°C the Te iodide transitions back and forth to 
both Te and I (both of which are in the gas phase) and it is unknown whether this will cause any 
instability in the functioning of a lamp.  
7.3.6 Review of Patented Technology Relating to the Use of Relevant Halides 
The functional assessment of selected halides Te and Sb provided a basis for a potential high efficiency 
UV MH lamp.  The methods of UV generation development can be linked to visible lighting and as such 
could be the reason for the lack of such a MH development (i.e. the visible Hg MH lamp would not 
benefit from replacing Hg). There is still an underlying question as to the reason for a lack of such a MH 
development to date when considering the developments of LP UV sources. As such an assessment of 
related patents filed is listed in Table 7.12 with relevant associated data displayed in Figures 7.11, 7.12 
and 7.13. 
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Table 7.12 Patents relating to Te/Sb MH lamp 
Document 
Reference 
Source 
Reference 
Elements 
Relating to 
Patent 
Halogen(s) 
Used 
Key Details of Patent 
Pat1 (Schafer, 
1976) 
Antimony Iodine  Aim: Development of a lamp for curing with 
target spectral range of 280-340nm (Figure 
7.11) 
 Concept lamp produces spectral output from 
200-315nm at 40% efficiency 
 Lamp construction as per a high pressure 
discharge lamp 
 Neon  (40 mbar) or Xenon (250 mbar) as a 
buffer gas 
 Dosed Iodine between 0.070-0.119 mg cm
-3
 
 Dosed Antimony between 0.035-0.055 mg cm
-3
 
Pat2 (Turner, 
1994) 
Tellurium 
Tellurium + 
(Sulfur and 
Selenium) 
  Stated aim of design to have an increased 
efficiency compared to a HID lamp without 
using the `toxic’ fillings of Hg 
 Produces visible radiation (>400nm) (Figure 
7.12) 
 Electrode and electrodeless operation 
 Tellurium filling dose (either as element or 
halide) minimum of 10
17
 molecules /cc to 
ensure predominant output in visible and not 
UV.  
 Tellurium halides proposed for use; TeCl5, TeBr5, 
TeI5 
 Variable power densities when using microwave 
driver (5 W/cc-1000+ W/cc) 
 Concept lamp (37mm ID spherical bulb 
(26.5cm
3
), 20mg of Te,   ̴133mbar Xenon) 
efficiency  105 lumens/W  
Pat3 (Derra and 
Nielman, 
2003) 
(Derra and 
Nielman, 
2008) 
 
Lithium, 
Indium, Tin, 
Antimony, 
Tellurium, 
Aluminium 
Bromine 
and Iodine 
 Aim: Production of Extreme Ultraviolet 
Radiation (EUV) i.e. from 5-50nm 
 Target 50W to 100W of EUV 
 All elements dosed as Halogen 
 Pressure of Halides provided (Figure 7.10) 
Pat4 (Kaas and 
Ebert, 2004) 
Arsenic, 
Phosphorous, 
Sulphur, 
Selenium and 
Tellurium (or 
combination) 
Chlorine, 
Bromine, 
Iodine (or a 
mixture) 
 Displayed output between 150nm and 400nm 
with the majority being between 150nm and 
300nm (Figure 7.13) 
 No detailed information on design i.e. amounts 
of filling running characteristics 
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Figure 7.11 Spectral output from concept antimony lamp (adapted from Schafer (1976)) 
 
 
Figure 7.12 Spectral output from tellurium concept lamp, adapted from Turner (1994) 
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Figure 7.13 Spectral output of lamp (adapted) from Kaas and Ebert (2004) 
Pat1 using a Sb halide produces a significant amount of UV radiation (Figure 7.11) in what could be 
described as a near ideal spectral output for the disinfection of water. The amounts of Sb halide used 
would not result in a LTE and a desired wall stabilised arc and thus not produce the desired high density 
lamp, however as a secondary lamp filling the information provided by Schafer (1976) is highly 
encouraging. Similarly encouraging spectral data is provided by Pat4 shown in Figure 7.13 which show 
similarities to the spectral output described in neutral Te displayed in Figure 7.7. As Te in Pat4 is only 
one of a potential number of fillings which could be combined it is only indicative of the spectral 
potential for a Te-based lamp. Pat3 provides confirming spectral data on the use of Te as a lamp filling 
for UV production however Pat2 is the closest representative of a HP lamp using Te.  
The data provided by Turner (1994) for Pat2 (Figure 7.12)  is that for an electrode stabilised arc82 
whereby the pressure used establishes a HP discharge but the spectral output is all in the visible 
spectrum. The dominance of the visible output described is expected with increasing pressure as per the 
MP discharge, however the quantities of Te described in lamp fillings are extremely low relative to an 
equivalent Hg lamp. This indicates either a potential limitation of the use of Te to produce a HP UV 
discharge or an error in the patent description. The patent does describe the addition of sulphur in some 
variants and thus this could explain any spectral error however it is unfeasible to establish a HP lamp 
with such low lamp fillings described. Although the concept of a Te based MH lamp seems technically 
feasible from a functional assessment, no high efficiency UV HP MH has been published to date or a 
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 In contrast to the wall stabilised arc in Section 7.3.5 a short arc length can be used to provide a stable arc i.e. an 
arc stabilise lamp where it is not possible for to obtain a stable plasma for a wall stabilised discharge (Waymouth, 
1971). 
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plasma with a visible output using of tellurium iodide in a stoichiometric ratio of Te:I of 1:2, and 
therefore practical verification of this technical proposal is required.  
The use of a halogen is required for the benefits in increased vapour pressure however as described in 
Section 7.2.4 the possibility of I2 formation is high (because there is no Hg to form HgI2) and therefore 
the dosing of tellurium to iodide proportions as described in the previous paragraph is not only novel 
but likely critical to producing a functional UV MH lamp. 
7.3.7 Summary of Critical Aspects Relating to Lamp Design Proposal 
A UV MH lamp was deemed to be feasible from literature based on a primary lamp of filling of Te and 
iodide in the form of TeI2 and a secondary lamp filling of SbI3. In optimised quantities this combination of 
lamp fillings were expected to enable similar internal lamp pressures to that of an Hg HP lamp but with 
increased spectral efficiency due to the second filling with a lower excitation level and optimal spectral 
characteristics. The benefits of Te in conjunction with iodine is that relatively similar pressure 
characteristic to Hg should be achieved however at the temperature produced in a HP lamp (>600°C) an 
interchangeable state is formed between the iodide compound in gas phase and its elemental 
constituent in the gas phase, it is unknown whether the elemental components particularly I2 with its 
high vapour pressure will affect the stability and functionality of the lamp. Excluding this, the suitability 
of both Te and Sb iodides to provide a functional alternative to Hg as a HD UV source looks technically 
promising however optimal quantities need to be practically assessed. 
7.3.8 Practical Details of Design Proposal 
To achieve the proposed concept of a high efficiency  MH HP lamp with Te Halide forming the primary 
constituent of lamp plasma and Sb iodide as a secondary filling maximising the spectral output in the 
UVC region a number of design stages had to be undertaken. These are described below:  
Stage1 - Initial requirements are to establish the functionality and performance criteria of tellurium 
iodide as lamp plasma, particularly in respect to; arc stability, electrical characteristics during running, 
spectral output and spectral radiant efficiency. 
This was achieved by using TeI4 and Te as the lamp fillings in a stoichiometric ratio of 2:1 (I:Te). Two 
initial lamp fillings with two lamp body geometries (15mm Internal Diameter (ID) and 18mm ID both 
with a 100mm Arc Length AL) will be used to gain initial performance data. The 18mm ID lamp geometry 
is more representative of a conventional MP lamp however the 15mm ID geometry reduces the 
possibility of halide condensation particularly in maintaining the gas phase of tellurium iodide i.e. >400-
600°C (Section 7.3.5). 
Stage 2 – Optimise the quantities of Te Iodide to provide optimal performance criteria using Hg MP lamp 
as a baseline. This will require balancing the spectral performance of the unit to power density whilst 
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assessing arc stability. Assuming arc stability there may well be a balance between spectral optimisation 
depending on the two key areas i.e. 200-230nm and 260-280nm and pressure, and lamp pressure i.e. 
power density, hence this could lead  to two separate designs to be optimised by Stage 3. 
Stage 3- Addition of Sb iodide to optimised Te iodide primary filling. Based on Hg based MH lamps only a 
small percentage will be required however this is not guaranteed and so a range of Sb iodide fillings 
should be used starting at 5% of the Te iodide value.  
Prototype Specifications 
As initial guidance for stage 1 the following values were determined. Using total weight as a 
comparative value the lower values (those of half the quantity used in the prototype by Turner (1994)) 
in Table 7.13 with lamp geometries selected being in the region used for current  HP Hg lamps (18mm ID 
prototype lamps described by Phillips (1983)). Following the assessment of the results of these 
prototypes in respect of spectral output, spectral efficiency and visual verification of lamp performance 
(e.g. arc position and stability) optimisation of lamp fillings can proposed for Stage 2. 
Table 7.13 Initial Te Prototype Specification  
  Half Te value 
from Turner 
(1994) Prototype 
 Te value from 
Turner (1994) 
Prototype 
mg of Te for 15mm prototype (15mm ID * 100mm Arc length) 6.6 13.2 
mg Te + TeI4 for 15mm TeI2 Prototype 
83 19.8 39.6 
mg Te for Prototype  3.3 6.6 
mg TeI4  for Prototype  16.5 33.0 
mg of Te for 18mm prototype (18mm ID * 100mm Arc length) 9.5 19.1 
mg Te + TeI4 for 18mm TeI2 Prototype  28.5 57.0 
mg Te for Prototype  4.75 9.55 
mg TeI4  for Prototype  23.65 47.50 
 
Table 7.14 Details of the comparative Hg lamps considered  
Lamp Name Hg (mg) Argon(mbar) Physical Requirements 
15mm ID Hg lamp 25 25 Large Hanovia electrodes + Standard 
quartz with 1.5mm wall thickness 
18mm ID Hg lamp 40 25 Large Hanovia electrodes + Standard 
quartz with 1.5mm wall thickness 
 
                                                          
83
 Hg fill for concept lamp (as per Section 3.4 Method) based on maximum loading whilst enabling a stable arc = 
12V cm
-1
 (Phillips, 1983). Hg dose for 15mm prototype estimated voltage cm
-1
 = 25mg  and 18mm prototype = 
40mg 
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7.4 Methodology  
All the prototype lamps were produced by Hanovia Ltd (Berkshire, UK). The Hg lamps were produced as 
per the standard manufacturing process to the author’s specification (Table 7.14).  All lamp bodies 
(lamps without fillings) produced for the metal halide prototypes were produced using the same 
production process as the Hg lamps until the point of inserting the lamp fillings, at which point the 
lamps were removed from the process whilst under vacuum using Swagelok (Hertfordshire, UK) vacuum 
fittings and were transferred into a Mbraun (Nottinghamshire, UK) Unilab Plus glovebox enabling a 
moisture and oxygen free environment (<0.5ppm of measured H2O and O2). In these conditions the 
required lamp fillings were weighed using a VWR (Leicestershire, UK) precision balance with automatic 
calibration (SN: LPW-723i) sensitive to 1 mg. Fillings were added to the lamp bodies, re-sealed and 
returned to the standard lamp production process. All prototypes had platinum reflective paint to the 
rear of the electrodes to reflect infrared ER, preventing a cold spot forming behind the electrodes and 
the potential for condensation of lamp fillings from the lamp plasma. 
Performance Assessment 
The performance assessment was carried out in terms of three specific aspects; Physical characteristics 
(i.e. arc stability), Absolute spectral output and Electrical characteristics. All prototypes were driven with 
an Eta+ (Nuertingen, Germany) X series electronic ballast with a 4kW power rating. If the prototype did 
not ignite it was cooled (this is stated in Table 7.16 in the comment section if cooling was required) using 
freezer spray (Artic Products, Leeds UK or Electrolube, Leicestershire, UK) to reduce the internal gas 
pressure and consequently the strike voltage84.The details of the lamp assessment are described below: 
Physical Characteristics- The first lamp of each prototype design was conducted in front of a viewing 
window (comprised of welding glass) to enable the viewing of the lamp when running the arc. 
Photographic images of the lamps running were taken through the viewing window using a Fujifilm 
(Fujifilm UK, Bedford, UK) s9600 bridge camera. 
Spectral and Electrical Characteristics- The lamps were operated horizontally in air in a dark room with 
the lamp radiation passing through a collimating tube (500mm in length with internal baffles for 
collimation) with vertical entrance slit of 0.51mm in width (as per Chapter 3 and displayed in Figure 3.4). 
When the lamp had stabilised, electrical characteristics were measured with a Voltech (Oxfordshire, UK) 
PM6000 3 phase universal power analyser. Germicidal efficiency was calculated from the spectral 
measurements accounting for the shaded slit width (0.53mm), the measured distance from the lamp arc 
(0.5m) and the Arc length (0.1m) and correcting for germicidal weightings. Two AS were used to 
calculate germicidal weightings; Spectrum B representing a target pathogen with no sensitivity below 
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 This was generally due to halide dissociation during manufacturing process e.g. the lamp temperature increasing 
due to the removal of the lamp stem (used to inset lamp fillings and gas)  
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230nm (adapted from Meulemans (1987)), Spectrum A representing a target pathogen with a high 
sensitivity below 230nm (produced in Chapter 5 for T1UV with host 700609). The AS used were adapted 
so relative values equalled one at 253.7nm (full data provided in appendix - Section 13.5, both AS being 
displayed in Figure 7.14. 
 
Figure 7.14 Germicidal Weightings for Determination of Lamp Germicidal Efficiencies 
 
7.5 Results 
 
Prototype Development 
During the production of the initial set of halide prototypes for design stage 1 an error was made during 
dosing of the lamps meaning that the amount of Te dosed was ten times higher than that desired in 
Table 7.13, with the final amounts for all subsequent design stages therefore provided in Table 7.15. In 
addition, two practical challenges emerged: the weighing of lamp fillings (determined to be due to a gas 
leak which as a consequence produced varying pressure during measurements, this was resolved for the 
second and third set of prototypes) and the process of de-stemming in the lamp production process 
(due to a marginal stem size increase to 6mm for vacuum fittings, this was resolved through removal of 
the stem in stages to allow closure more gradually).  
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Table 7.15 Finalised lamp fillings for halide prototypes 
Lamp Name Te (mg) TeI4 (mg) SbI3 (mg) 
1st Set of Prototypes 
15mm Lamp I  33 17 0 
15mm Lamp II  66 33 0 
18mm Lamp I 48 24 0 
18mm Lamp II 96 48 0 
2nd Set of Prototypes 
15mm Lamp III 40 19 0 
15mm Lamp IV 70 35 0 
15mm Lamp V 100 20 0 
18mm Lamp III 50 25 0 
18mm Lamp IV 100 50 0 
18mm Lamp V 150 25 0 
3rd Set of Prototypes 
15mm Lamp VI 20 4 5 
15mm Lamp VII 100 20 21 
18mm Lamp VI 20 10 5 
18mm Lamp VII 100 50 21 
 
The practical problems described in the construction of stage 1 prototypes led to a significantly reduced 
number of functioning prototypes (Table 7.16) and thus the decision was made to use the increased 
proportional Te levels for design stage 2, due to the desirable lamp voltage (i.e. near 12V cm-1) produced 
by 18mm Lamp I B and 15mm Lamp II B. This meant that although slightly adjusted (due to the simplicity 
of not requiring balanced Te and I levels) the prototypes from stage 1 were re-built (Lamps III and IV) 
and tested with a third variant (Lamp V) with a reduced proportion of TeI4 to Te but with a combined 
high quantity of filling to attempt to produce a lamp with higher voltage. Following the completion of 
the second set of prototypes the lamp with the highest spectral output for both 18mm (Lamp VI) and 
15mm (Lamp V) lamps was selected as the basis for stage 3 development. In addition, to identify the 
cause behind the similarities in lamp voltage produced a second set of lamp designs was produced with 
reduced fillings using one-fifth of the quantities of lamp fillings in stage 2. All lamp fillings are specified 
for stages 1, 2 and 3 prototypes and are displayed in Table 7.15.  
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Performance Evaluation  
The performance results from all 3 prototype stages are provided below in Table 7.16 with related 
images to aid performance assessment being subsequently provided in Figure 7.15 to Figure 7.25. 
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Table 7.16 Performance details  
 
(Table continued on following page) 
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 Germ  A% and Germ B% relates to the germicidal efficiency of the lamps when weighted with action displayed in Figure 7.14 
86
 All lamps visually assessed based on a single set of Electrical measurements only  
Lamp Details 
Mean 
Voltage 
(V) 
Mean 
Current 
(A) 
Mean 
Power 
(W) 
200-300nm  
(Integrated Scan 
Value W m
-2
) 
Germ A 
%
85
 
Germ B% Comments 
Hg Lamps 
Hg 18mm Lamp A
86
 - - - - - - 
The lamp struck easily and ran well producing a clear arc (Figure 7.15) however the left arc (from the viewer’s position) is raised higher than would be desired 
and may be indicative of nearing the transition to turbulence and raising of the arc (Chapter 3) 
Hg 18mm Lamp B 122 5.67 657 10.2 x 10
2 
6.6 13.4 Ran smoothly 
Hg 18mm Lamp C 120 5.72 652 10.3 x 10
2 
6.6 13.7 Ran smoothly 
Hg 18mm Lamp D 118 5.78 649 10.9 x 10
2 
7.2 14.4 Ran smoothly 
Hg 15mm Lamp A - - - - - - 
The lamp produced a very clean straight arc with the only slight instability being that of the arc forming slightly to the back of the electrodes rather than 
directly off the tip. 
Hg 15mm Lamp B 118 5.79 651 10.9 x 10
2
 7.3 13.7 Ran smoothly 
Hg 15mm Lamp C 117 5.89 651 11.3  x 10
2
 7.5 14.3 Ran smoothly 
Hg 15mm Lamp D 119 5.79 655 10.9 x 10
2
 7.3 13.4 Ran smoothly 
1st Set of Lamp Prototypes 
18mmm ID Lamp I A - - - - - - Did not complete production 
18mmm ID Lamp I B ̴ 80 - - - - - 
The lamp struck easily initially with an erratic arc particular around both electrodes however as the arc continued to develop it stabilised in the mid-section of 
the lamp producing a wide arc (Figure 7.17). This is supportive of the change from the prediction initial TeI4 gas phase transitioning to TeI2 (Section 7.3.5) using 
the additional Te dosed separately into the lamp. After lamp warm up the left electrode still exhibited turbulence with the arc fluctuating from the lower to 
upper side of the electrode with a notable pocket of iodide vapour circulating around the electrode tip. The arc produced in the centre of the lamp is of a 
clear discharge, not displaying any elemental iodine and being a relatively wide arc i.e. not particularly contracted. This could be indicative of a wall stabilised 
arc rather than the desired contracted arc associated with HP discharges. 
18mmm ID Lamp II A - - - - - - Did not complete production 
18mmm ID Lamp II B - - - - - - Did not strike 
15mmm ID Lamp I A - - - - - - Was not Run 
15mmm ID Lamp I B - - - - - - Was not Run 
15mmm ID Lamp I A - - - - - - Was not Run 
15mmm ID Lamp II B 95.7  7.7   - - 
Slight dispersion of halides from stem removal process requiring freezer spray to start. Considerable change in lamp arc during warm up (Figure 7.18) which 
display a relatively straight arc to that of a turbulent arc. 
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87
 First set of electrical measurements from the second spectral scan was missing therefore 2
nd
 set from first scan was used due to the short period of time between the scans 
88
 First of four electrical measurements missing hence only one set of measurements was used for power calculation of the first spectral scan 
Lamp Details 
Mean 
Voltage 
(V) 
Mean 
Current 
(A) 
Mean 
Power 
(W) 
Mean of 2        
200-300nm scans  
(Integrated Scan 
Value W m
-2
) 
Germ A % Germ B% Comments 
2nd Set of Lamp Prototypes 
 18mm ID Lamp III A 85 9.12 599 6.2 x10
-3 
0.4 0.5 Erratic arc which could affect the spectral measurements taken for this lamp and all those similar. 
 18mm ID Lamp III B 88 8.9 580 - - - 
Arc has some periods of stability however for the vast majority of time there is a great amount of instability particularly in the left electrode (Figure 7.19). As 
with lamp 15mm IIB a clear distinction can be made between the lamp characteristics during the warm up phase where a contracted largely stable arc with 
lower visible output can be distinguished from that of the turbulent arc displayed post lamp warm up. Additionally it can be noted that after the warm up 
phase `gas pockets’ of an orange colour (presumably iodine) collect around the electrodes and that a dark area is noticeable on the underside of the arc. 
(Lamp was run for approximately 15 minutes) 
 18mm ID Lamp IV A 92 8.15 660 8.9 x 10
-3
 0.6 0.7 Minor dispersion of halide from stem removal process. Oscillating arc around the electrodes. 
 18mm ID Lamp IV B       Did not run, even with freezer spray applied. 
 18mm ID Lamp V A 81 9.95 603 6.65 x 10
-3
 0.4 0.6 Slightly slower to start compared to other halide prototypes 
 18mm ID Lamp V B 80 10 600    
Large dispersion of halide from stem removal process. Lam p ran well with less turbulence and less visible `gas pockets’ around electrodes (Figure 7.20). Lamp 
ran for approximately 25 minutes and based on visible attributes would be an ideal candidate to take forward to the next stage of development. 
 15mm ID Lamp III A 93 8.15 616
87
 9.2 x 10
-3
 0.6 0.7 Erratic arc on left electrode. 
 15mm ID Lamp III B       Minor dispersion of halide from stem removal process. 
 15mm ID Lamp IV A 95 7.6 605 10.45  x 10
-3
 0.7 0.8 Erratic arc at electrodes but stable in central area between electrodes. 
 15mm ID Lamp IV B       Did complete production 
 15mm ID Lamp V A 95 7.7 606 11.05  x 10
-3
 0.8 0.9 Although erratic at lamp ends there were less visible signs of `gas pockets’ around the electrodes. Lamp more stable a full power. 
 15mm ID Lamp V B 90 8.3 575 - - - 
Some dispersion of halide on lamp, freezer spray required to strike lamp. Relatively stable  lamp voltage in comparison to halide prototypes. Occasional bright 
spots within the arc lasting approximately 1 second (possibly elemental tellurium ). Instability at electrodes at both sides (Figure 7.21). 
3rd Set of Lamp Prototypes 
18mm ID Lamp VI A 90 8.6 604    Freezer spray required to start the lamp. Significant turbulence around the electrodes affecting the stability of the arc (Figure 7.22) 
18mm ID Lamp VI B 87 8.9 614 5.2  x 10
-3
 0.4 0.5 Erratic voltage and arc. 
18mm ID Lamp VI C 79 10.1 597 5.77 x 10
-3
 0.4 0.6 Freezer spray used to start lamp. Arc rotated around the axis of the electrode. 
18mm ID Lamp VII A 95 7.6 604
88
 2.44  x 10
-3
 0.2 0.2 
Erratic arc in proximity to the electrodes however by the second spectral scan arc had stabilised and likely the most stable arc following lamp warm-up that 
has been observed. Some slight red dots observed above electrodes for short periods of time  ̴1 second.  
18mm ID Lamp VII B 100 7.1 621 1.67  x 10
-3
 0.1 0.1  
18mm ID Lamp VII C 100 7.1 632 - - - 
Freezer spray required to start lamp. Initial photo (Figure 7.23) taken at   ̴75V displaying the desirable characteristics produced previously in Lamp 15 IIB. 
Following the lamp strike and start up the lamp rapidly obtained the initial   ̴75V running voltage then after a number of minutes the voltage increased to its 
maximum running voltage where the distinction between arc characteristics can be seen. In its final running conditions the lamp displayed an exaggerated 
(compared to earlier lamps e.g. 18mm IIIB) dark area below the arc stretching from the electrodes.  
15mm ID Lamp VI A 88 8.8 612 - - - 
Freezer spray required to start lamp. A very clean arc during lamp start up (Figure 7.24) that displayed near perfect characteristics. This transitioned into a 
relatively unstable arc after lamp warm-up. 
15mm ID Lamp VI B 102 6.9 612 4.27  x 10
-3
 0.3 0.4 Freezer spray required to start the lamp 
15mm ID Lamp VI C 89 8.7 617 6.33  x 10
-3
 0.5 0.7 Freezer spray required on to start the lamp. Occasional red spots observed near electrodes during the running of the lamp. 
15mm ID Lamp VII A 95 7.0 559 - - - 
Freezer spray required to start the lamp. During lamp warm up (Figure 7.25)  an excellent arc was produced (with a straight line and low visible output 
(potentially indicative of a more desirable UV output)  
15mm ID Lamp VII B 94 8.0 623 6.67  x 10
-3
 0.5 0.6 Erratic arc following lamp warm-up  
15mm ID Lamp VII C 102 6.9 626 1.97  x 10
-3
 0.1 0.1 - 
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Images from First Set of Mercury and Halide Prototypes  
 
Figure 7.15 Mercury lamp 18mm Lamp A 
 
Figure 7.16 Mercury lamp 15mm Lamp A 
 
Figure 7.17 Lamp 18mm IIB 
 
Figure 7.18 Lamp 15mm IIB 
(Image A (Top) taken during the warm up stages of the lamp and Image B (Bottom) taken when the lamp 
had warmed up) 
 
A 
B 
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Images from Second Set of Halide Prototypes  
 
Figure 7.19 Lamp 18mm IIIB 
 
Figure 7.20 Lamp 18mm VB 
 
Figure 7.21 Lamp 15mm VB 
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Images from Third Set of Halide Prototypes  
 
Figure 7.22 Lamp 18mm VIA 
 
 
Figure 7.23 Lamp 18mm VIIC 
(Image A (Top) taken during the warm up stages of the lamp and Image B (Bottom) taken when the lamp 
had warmed up) 
 
Figure 7.24 Lamp 15mm VIA 
A 
B 
A 
B 
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Figure 7.25 Lamp 15mm VIIA 
(Image A (Top) taken during the warm up stages of the lamp and Image B (Bottom) taken when the lamp 
had warmed up) 
Benchmark Hg Lamps- The Hg based comparison lamps were made in a well-established process and 
were thus relatively simple to produce. The electrical performance of the lamps was extremely close and 
consistent (no greater then +/- 3V) to that of the designed running voltage (120V). The lamps 
themselves ran well in respect of starting and stability with observed centralised arcs in both the 18mm 
lamps (Figure 7.15) and the 15mm lamps (Figure 7.16). There were indications (particularly on the left 
side of lamp) of the arc rising, suggesting that as per the design lamp voltage this is the maximum 
useable power density and consequently efficiency a Hg based high pressure will deliver, thus making it 
an ideal benchmark. That being said, the lamps delivered only 6.6-7.5% germicidal efficiency (based on 
Action Spectrum A) compared to the published values in the region of 12-16% indicating significant 
contrast to generalised values but enabling a direct like- for-like comparison of Hg HP lamps to that of 
the prototypes produced in stages 1, 2 and 3 below. The lamps both 15mm and 18mm provide a 
spectral output (Figure 7.26) that would be expected for such an internal mercury pressure, although 
reduced spectral peaks are observed for the 18mm lamps which could be due to additional absorption 
from the increased diameter correlating with a reduced germicidal efficiency (Table 7.16). This would 
correlate with results produced in Chapter 3 displaying the same trends in relation to distance from the 
emitting arc to the lamp diameter. 
A 
B 
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Figure 7.26 Mean spectral output of mercury lamps  
Stage 1- The two initial prototypes illustrated that a lamp with a sustained plasma can be produced and 
run for a period of a least 20 min (the time limited by the need to carry out further scans rather than 
issues with the lamp), a voltage density of 9.57 V cm-1 can be produced (close to the comparative 12V 
cm-1 of the benchmark Hg lamps), and a non-stoichiometric Te and I lamp filling can be used to produce 
a functional plasma. The lamps that did not start could be visually identified as having halide dispersion 
near the stem removal which in conjunction with the fact that the lamps were unable to restart 
indicates the separation at least in part of the halogen into its elemental form. 
Stage 2-The functional yield of the second set of prototypes was increased to 75% largely due to 
improvements in lamp stem removal. This also enabled identification of halide residual in the lamp stem 
and lamp positioning post stem removal as the causes of the 25% of the failures. Lamps III, IV and also 
lamp V (containing a reduced percentage of TeI4 to Te) produced voltages in a narrow region between 
85-95V.  There was a marginal increase in voltage from lamp III to lamp IV for the 18mm lamps however 
the difference was negligible between the lamps of 15mm. The production of similar voltages rather 
than an expected change proportional to the amount of lamp filling used could indicate either a 
restriction of Te entering the gas phase cause by non-stoichiometric quantities of lamp fillings, or 
saturation of lamp filling in the gas phase, i.e. increasing the lamp filling will not result in further fillings 
entering the gas phase and a proportional increase in lamp voltage (hence the production of second 
lamp design with significantly reduced fillings in stage 3). 
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The germicidal efficiencies of the stage 2 prototypes were significantly lower than the design target, 
ranging from 0.4-0.9% (depending on lamp and germicidal weighting). This can in part be attributed to 
the spectral output produced for both 18mm (Figure 7.27) and 15mm lamps (Figure 7.28) which is 
minimal at 220nm and displays a gradual increase towards 300nm. Although this is not an ideal spectral 
output it is approximately one-tenth that of the Hg equivalent lamp and thus further losses must be 
occurring elsewhere in the lamp; the lamp driver being a contributory factor is ruled out due to the use 
of the measured power factor in power calculations which measured to the lamp (not inclusive of PSU 
losses).  Noticeable features of both prototype sets 1 and 2 are the bright arcs displayed images 
indicating a high visible or output other than 200-300nm and also the `gas pockets’ particularly visible 
near the electrodes with considerable convection currents being displayed. These latter points could be 
indicative of losses through unintended photon emission (not in the UV region) and/or additional 
thermal losses. 
 
Figure 7.27 Mean spectral output of 18mm diameter prototype lamps of design III, IV and V. 
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Figure 7.28 Mean spectral output of 15mm diameter prototype lamps of design III, IV and V. 
Stage 3- The spectral outputs of all of the prototypes in stage 3 changed considerably, with numerous 
peaks developing throughout the previously established continuum in stage 2 (Figure 7.29 and Figure 
7.30). Furthermore both 15mm and 18mm lamps with design VI show a small but increased output 
below 220nm however this is not the case with the 18mm lamps. In fact in contrast to the proposed 
increase in lamp efficiency with Sb as a dopant the prototypes produced in stage 3 are lower than that 
of stage 2. 
The lamp design VI for both 15mm and 18mm lamps was based on one-fifth of the lamp fillings for lamp 
VII however minimal change in voltage was measured especially for the 15mm lamps. This indicates that 
the Te in the gas phase is saturated, however it appears I continues to enter the gas phase. This can be 
seen in the transition from the straight stable arc with a low visible output and no gas pockets to that of 
the final often turbulent lamp (as described in results stage 2). This was most clearly demonstrated in 
lamp 18mm VII C shown in Figure 7.23 which transitioned to a raised upper arc with a dark lower section 
forming from gas pockets to encompass the bottom half of the lamp. During this transition the lamp 
voltage increased by one-third, suggesting that I was entering the gas phase and is the cause of the 
undesirable lamp characteristics after lamp warm up. The physical changes were even clearer with lamp 
15mm VIA (Figure 7.24) which displayed a minimal visible output during lamp warm and a straight arc 
later transforming into a discharge with a high visible output yet noticeably less turbulence and `gas 
pocket’ collection around the electrodes. Since lamp design VI was designed with a reduced lamp filling 
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and shows the same response for both 15mm and 18mm lamps, it suggests that reducing the amount of 
lamp filling particularly that of the iodide contribution is likely to increase UV output. 
 
Figure 7.29 Mean spectral output of 18mm diameter prototype lamps of design VI and VII. 
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Figure 7.30 Mean spectral output of 15mm diameter prototype lamps of design VI and VII. 
 
7.6 Discussion 
When considering the overall results from design stages 1, 2 and 3 which at best has produced 
approximately one-tenth of the germicidal output compared to their Hg counterparts, and for the most 
part produced lamp arcs with erratic properties, particularly when close to the electrodes, it is clear that 
the design concept is far from being ready for production. However the research has enabled key 
theoretical design features of the lamp concept in its current state to have been verified. In addition the 
likely causes of the performance limitations of the prototypes were also identified and suggestions 
made as to how these can be addressed.  
The prototypes lamps all produced a sustained high pressure plasma discharge produced an arc without 
the need for Hg as a filling. The lamps also produced a spectral continuum in the desired 200-300nm 
spectral region and the lamp physical structure remained intact in all prototypes. These findings are not 
only novel but are critical characteristics of any future lamp to improve the performance of high UV 
density radiation sources. The challenge is how can the germicidal efficiency be increased and arc 
discharge stabilised, both of which have the same root cause. 
The spectral output produced from the second set of prototypes displayed in Figure 7.27 and Figure 
7.28 had a relatively smooth continuum from 220nm to 300nm with a small number of spectral peaks, 
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displaying some similarity to that presented by Turner (1994). The data from Turner (1994) (which peaks 
at approximately 575nm) is not provided below 375nm to make a direct comparison, however the 
similarities in continuums are reflective of a high pressure discharge whereby the increased photon 
atom collisions shift the spectrum to lower energy emissions (Section 7.2.1), i.e. visible output. 
Therefore the spectral information implies that the quantities of lamp fillings are too high for an 
optimised UV output; this was confirmed by lamp design VI with reduced fillings that not only 
maintained lamp voltage but also produced higher germicidal efficiencies compared to lamp design VII 
(containing increase amounts of lamp fillings). The implications of both voltage measurements and 
spectral output are that to increase lamp functionality a decrease in lamp fillings is required; the point at 
which spectral efficiency is optimised and its resulting voltage density (i.e. V cm-1) will be one of the two 
key aspects to determine the ultimate functional effectiveness of this proposed lamp development 
approach going forward. 
A key question was the halide stability above 600oC (Section7.3.5), specifically whether the reversible 
reaction between the formation and decomposition of TeI2 (2TeI2(g) ⇋ Te2(g) +  2I2(g)) would either 
produce arc instability from I2 or condensation of Te. The inferred saturation of lamp filling suggests that 
within the plasma capacity for Te in the gas phase, condensation did not appear to be occurring, or if so, 
not to the detriment of the functionality of the lamp. In contrast I2 did appear to affect the stability of 
the arc and consequently the impedance of the plasma. This was supported by lamp design VI and VII 
which had lower outputs with Sb as a dopant and transitioned into a turbulent arc. This was due to the 
additional I from SbI3 which created increased turbulence near the electrodes and in the case of lamp 
18mm VII this extended the full underside of the arc. This would ordinarily be in itself a major design 
limitation due to the inability to maintain a halogen cycle however in this case two factors suggest that 
this is not the case. The first is the functional HP plasma even with the use of non-stoichiometric 
proportions of Te:I as lamp fillings. The second is the almost ideal characteristics of the lamp arcs during 
the majority of the lamp warm-up phases (Section 7.3.4). The capacity to be able to reduce the amount 
of I used to the point where it has little to no adverse effect on the arc stability and output above and 
beyond forming and maintaining the plasma will be critical on improving the performance of the lamp. 
The arc displayed during the warm-up phase, and intended to be reproduced permanently after lamp 
warm up with reduced ratios of I and reduced overall lamp fillings, displayed no visible turbulence and a 
minimal visible output (Figure 7.24).  The challenge will be balancing the amount of lamp filling added in 
halide form so that a plasma can form (i.e. the lamp will strike) by adding enough halide, whilst the 
filling quantity being low enough so that it will not impede lamp stability and output during lamp 
operation. All of the prototypes which did strike got to full running power (not including the transition 
into the turbulent stage) in approximately one to two minutes, a similar timeframe to that of a Hg HP 
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lamp making system design allocations (e.g. duty/standby requirements) the same as that for HP lamps 
currently in use (e.g. medium pressure lamps). 
The description of the two key current limitations and potential methods to address them for core 
functionality have been discussed, however to develop such a lamp for the commercial market will 
involve a number of additional development steps. This will likely include optimisation of the electrical 
lamp driver which may require optimisation of electrical frequency (Yan and Hui, 2000) but will almost 
certainly require a configuration providing a higher strike voltage. The lamp strike voltage could be 
reduced with the use of a `penning gas’ (Phillips, 1983) replacing argon with a dual gas combination with 
differing ionization levels leading to a greater production of ions (Penning and Addink, 1934) reducing 
the voltage required to strike the lamp. Conversely the use of an increased buffer gas pressure to 
increase the lamp impedance could be applied if the optimal pressure based purely on the Te lamp 
fillings is not high enough to achieve a suitable V cm-1 value (albeit with the consequence of increasing 
the strike voltage). Ultimately a number of subtle design iterations will be required following 
fundamental plasma improvements to produce a lamp to meet a design specification based upon 
market requirements. 
The production of a lamp based upon a halide filling will require additional control in the manufacturing 
process due to their hygroscopic nature, however since they are currently used as additives to Hg based 
lamps (Phillips, 1983) with appropriate training and equipment this will easily mitigated. Te is 
industrially available for production89 however in a high purity form it is more expensive than Hg with 
example costs of Te being £3.78/g90 (Anon, 2014) and Hg £1.26/g91 (Anon, 2014) which in the context of 
this study for a 18mm ID Te lamp (Lamp 5 requiring 150mg of Te) and 18mm ID Hg lamp (lamp requiring 
40mg of Hg) would cost £0.57 and £0.05 respectively92. Although the relative cost of Te is significantly 
higher than Hg, the cost per lamp is very low for both lamp fillings in respective of other lamp 
component costs e.g. the cost of quartz for both 18mm diameter lamp examples being £13.00. The 
availability and cost of Te as a primary filling has practical promise. 
The development stages presented in this thesis should enable what is currently a unique and novel 
plasma concept enabling a Hg-free production of UV radiation to that of high efficiency germicidal lamp 
for commercial applications. The upcoming ban (Minamata Convention on Mercury) on the use of Hg in 
a large number of products  including visible lighting by 2020 including import and exports (excluding 
products where no alternative is available e.g. water disinfection) (Wetzstein, 2013) suggests a clear 
environmental motivation to reduce or remove the wide application of mercury. The potential increase 
                                                          
89
 However for this investigation TeI4 was significantly harder to locate than elemental Te 
90
 Te costs based on 500g 99.9999+% purity  
91
 Hg costs based on 250g 99.999995% purity  
92
 This is based on the amount of fillings used during testing which as per the recommendations is likely to reduce 
with further development stages 
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in production costs caused by import/export restrictions (Balistreri and Worley, 2009) could in 
conjunction with environmental factors drive the need for a Hg-free alternative and the development of 
LED’s and DBD’s in the low energy density range. Whether this is or will become a further driver re- 
emphasises the potential benefit of the proof-of-concept Te-based UV radiation source, which if further 
developed could have significant and far-reaching effects on the industry. 
7.7 Conclusion and Recommendations 
A novel proof-of-concept Hg-free plasma enabling a high pressure UV discharge was produced. The 
germicidal efficiency of prototype designs were significantly lower than that of the Hg equivalents, 
however  two fundamental limitations were identified as being the primary causes: excessively loaded 
lamps with plasma saturation and an iodine content greater than a stable UV-efficient discharge can 
contain. The study critically revealed that non-stoichiometric quantities of Te to I can be used whilst still 
producing functional lamp plasma that produces desirable electrical characteristics and a stable arc. 
With increasing environmental and economic drivers to produce a Hg-free, high efficiency and high 
power density lamp, the following recommendations are proposed to further develop the presented 
proof-of-concept into an applicable lamp for the water industry: 
1. Develop a range of lamps with reduced Te lamp fillings until an optimised filling is produced for 
both spectral output and power density; 
2. In conjunction with point 1 develop a further range of lamp fillings with a reduced iodine 
content that enables a functional plasma whilst having a minimal impact on arc stability and 
germicidal efficiency; 
3. Following the completion of points 1 and 2 optimise the lamp driver, buffer gas and additional 
dopants to enable an efficient lamp for practical use. 
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8. Discussion  
 
The inactivation of protozoan pathogens such as Cryptosporidium spp with low UV fluences and the 
establishment of and continued acceptance of reactor validation protocols have been transforming 
forces in the UV industry in respect to both its scale and the methodological approach used for 
performance acceptance. This was demonstrated with the validation of seventy five reactors in one test 
centre alone from 2003-2011 (total cost being $12.4M USD) using a range of microorganisms and dyed 
microspheres (Scheible, 2012). Fundamentally, however grand the scale of reactor validation testing, 
reactor performance is measured through equating a reduction in microbial numbers to that 
determined in a bench-scale QCB test. Furthermore during validation of a polychromatic UV reactors the 
action spectrum for the surrogate and target pathogen required for fluence calculation is pre-
determined from experimental data and thus it is the quality of that data and the method from which it 
is derived that is most critical for the accurate validation of a polychromatic reactor. 
The development of Tuneable Light Source (TLS) in Chapter 4 took a far greater investment of time and 
more iterations than originally conceived, and the underlying technical challenge that was overcome is 
likely the reason for the previous gap in literature. Once constructed however, it now delivers an 
unprecedented spectral range and spectral bandwidth, enabling the unique spectral data produced in 
Chapter 5 and the most accurate 200-300nm fluence calculations to-date.  
Action spectra require verification using the complete spectral range of the AS produced e.g. a MP QCB. 
The results produced in Chapter 3 provide an explanation for some of the spectral variations seen 
throughout literature but critically identify the potential limitation in spectral exposure due to internal 
lamp pressure and methods of monitoring stability during sample exposures. As this process is 
fundamental to the verification of polychromatic fluence it is unfortunate that such aspects were not 
already incorporated into earlier methodologies and that errors in published work occurred due to a 
lack of methodological rigour. It does reemphasise that although much progression had been made in 
fluence calculation and its application in UV reactor validation, it was far from complete and the 
research undertaken in this doctorate has provided constructive contributions to improve the 
methodology. 
The vague UV sensitivity data provided for T1 in the UVDGM (EPA, 2006) further emphasised the relative 
immaturity of the validation protocol. The comparison of T1 and T1UV with multiple hosts and the 
resulting variations in sensitivity also likely explains discrepancies described in previous literature. The 
AS data generated for T1UV phage showed consistency between the that of the hosts used with a 
noticeable feature of the highest sensitivity being below 230nm. Such a contrast provides a significant 
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bias when used for measuring inactivation of pathogens with a lower sensitivity in that spectral region, 
which also is blind to the majority of reactor sensors and thus is a current topic of ongoing discussion 
within the industry (IUVA, 2012); the data generated in this research will no doubt contribute 
significantly to the discussion.  
Using the UK as an example, the governmental target is to achieve a sustainable economy (HM 
Government, 2005), part of which involves the reduction of greenhouse emissions, which is legally 
binding, as part of the Kyoto Protocol (Stern, 2007). Water disinfection being predominantly provided by 
UV disinfection has been proposed as a sustainable alternative to chlorination by Comm et al (2007) 
which would also align well with sustainable proposals to decentralise water treatment (Environment 
Agency, 2009) due to relatively small reactor sizes and not requiring the storage of chemicals. For UV to 
be applied in such a concept ultimately requires flexibility in the UV sensitivity range in validation and 
the lowest electrical operating requirements possible. The three phage identified form Chapter 6 
provided two potential low UV sensitivity candidates which, if at least one enables an equivalent 4-log 
reduction of adenovirus validation to be assessed, means that compact polychromatic reactors could be 
validated for 4 log virus inactivation (1860 J m-2). The plasma discharge produced in Chapter 7 provides 
the exciting potential for a Hg-free high efficiency high pressure polychromatic lamp, thus also 
contributing to carbon reduction targets. 
Each area of research described in this thesis could be taken further, however the proposed topics 
below are recommended as priorities, as they would most likely have the largest positive impact on the 
UV industry: 
 High Pressure High Efficiency Hg Free Lamp: Continuation of the investigation described in Chapter 7 
with the overall concept of reducing filling density and iodine quantity so as to ascertain the optimal 
lamp characteristics, and assessing the impact of using an additional dopant to increase efficiency. 
Molecular Based UV Fluence Measurement: The limitations in traditional culture based methods 
include limitation in the range of available UV sensitivities, potential variation due to host selection/host 
repair and the time and cost involved with cultivation. An investigation into the potential for using a 
molecular method enabling swift identification of molecular photoproducts in relation to their potential 
formation is recommended.  
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9. Industrial Implications of the Thesis Findings 
 
The research described in this thesis was completed as part of an industrially sponsored research 
programme. The following chapter has been separated into two sections: direct implications to the 
project sponsors or to the wider UV disinfection industry from the research, and indirect implications to 
the project sponsor as a consequence of the research.  
Direct Implications 
Specific details on the direct implications for each chapter are described below:  
Chapter 3 – Factors affecting reproducible bench-scale polychromatic UV exposures 
The practical application of UV reactors using polychromatic UV sources (e.g. MP lamps) requires 
confidence in the principles of UV fluence calculation. The findings of this study contributed to the work 
in progress of updating the current protocol for the use of MP collimated beam apparatus for the 
International Ultraviolet Association, benefiting the wider UV industry. The reduction of uncertainty in 
the various sub-components of polychromatic UV fluence achieved in this thesis adds confidence to the 
use of the technology.  
Chapter 5 – Producing a High-Resolution Action Spectrum for T1UV Phage 
The production of high resolution action spectra has provided the sponsor company with a unique 
practical capability continuing beyond the research programme, however the principle benefits relate to 
the validation of reactors. 
The identification of variation in UV sensitivity due to the selected phage and host strains has provided 
an explanation between the differences in kinetics described within literature, enabling greater 
confidence in the concept and application of biodosimetry in UV reactor validation. It also provides the 
option of selecting the sensitivity of the biodosimeter for optimising reactor validation, resulting in an 
REF bias being 2.28 compared to 1.0 (on the premise of a single organism validation, see Section 5.5), 
which could enable a competitive advantage in reactor sales targeting the pathogen Cryptosporidium.   
The production of high resolution action spectra for T1UV enabled verification of the fundamental 
concept of polychromatic UV fluence which was under scrutiny due to publications describing 
differences between biological responses to LP and MP exposures (Linden et al., 2007 et al). The thesis 
research supported the basis of the concept of polychromatic fluence, , thus providing a justification for 
customer confidence in the practical application of polychromatic reactors.  
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Chapter 6 – Genetic Identification of Suitable Viral Surrogates for UV Reactor Validation for Water 
Disinfection 
The identification of viral surrogates for use in reactor validation through the use of genetic modelling 
has enabled a preliminary assessment of wide range of potential surrogates (182 phage) without the 
associated microbiological costs, and hence a useful tool for future surrogate identification. Of the 
surrogates identified, two phage LU11 and HK97 had predicted values in the region of 360 J m-2 which is 
an ideal sensitivity for the measurement of 4 log viral reduction for the UVDGM (EPA, 2006) (1860 J m-2) 
with phage HK97 being particularly desirable due to its host (E.coli). If, following practical confirmation, 
it is deemed a viable surrogate then HK97 would represent a significant increased capability for reactor 
validation, particularly for polychromatic reactors93 and thus is beneficial to the wider UV industry. As a 
consequence this would provide particular significance to the industrial sponsors as leaders in the 
market for reactor validation at higher fluences (e.g. for targeting viruses). 
Chapter 7 – A Novel Approach to Generate UV Radiation Optimised for the Disinfection of Water 
The results presented in this Chapter suggest a possible alternative to current Hg-based lamps as a 
source of UVC radiation. Although the results to-date provided approximately 1/10th the efficiency of 
current Hg lamp technology, this has been achieved without the use of Hg, with less toxic lamp fillings. It 
is anticipated that following additional rounds of improvements that the lamp efficiency will improve 
significantly and could increase beyond that of a conventional Hg lamp. If the efficiency of the lamp is 
increased above that of the conventional Hg lamp then a reduction in whole life costs and direct and 
indirect carbon costs will occur.  
Discussion of Direct Implications 
The results from Chapter 3 are being implemented into the wider industry through a published protocol. 
The results from Chapters 5 and 6 in respect to surrogate selection and lamp improvements from 
Chapter 7 have the potential to significantly impact reactor validation and consequently the 
competitiveness of UV reactors, and therefore company revenue and profit.  
An approximated cost of validating a reactor based on the 75 reactors described by Scheible (2012) is 
$165,333 (USD), and in the section below this figure will be used to provide a financial context for the 
findings of the research. A hypothetical reactor will be designed and for a validated window comprising 
of three variables: flow, UVT and required fluence(s) (dependent on the target pathogen). It is common 
to meet desired validation windows with a range of reactors, comprising of designs with differing 
physical sizes, numbers of lamps and lamp configurations. If for example in such a reactor range six 
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 This is based on the premise that the action spectrum of a virus is likely to show greater similarity to a target 
virus such as adenovirus. 
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different reactor designs were produced a total validation cost would be in the region of $1M (USD)94. 
This represents significant investment above and beyond the traditional development costs of a reactor 
which requires payback through reactor sales and reactor-associated sales (spares, maintenance, etc) 
over the life of the reactor. If this is to be achieved the reactor must be competitive by design and by 
validation, of which the research outputs and their practical application are discussed below. 
Surrogate Sensitivity Optimisation- The ability to optimise the sensitivity of a viral surrogate could 
provide a potential competitive industrial advantage to target specific pathogens not only in the case of 
T1 and T1UV as discussed in Chapter 5 but also with the potential to reduce the UV sensitivity of the 
proposed phage HK97 for that of adenovirus (Chapter 6). Such benefits are only relevant to validation 
using the UVDGM (EPA, 2006), firstly due to the use of phage and secondly due to the flexibility of target 
fluence (ÖNORM (2003) and DVGW (2006) use Bacillus subtilis for a fixed target of 400 J m-2). The true 
financial value cannot be ascertained without knowing all the design and validation details of all reactors 
within a market however with validation costs described in the region of $1M (USD) uncompetitive 
validations associated with reactors throughout their complete product life cycle have the potential to 
have significant negative impact on the success of a business and the information provided in this study 
will help optimise the details of future validations. 
Implications of Action Spectra- The development of action spectra and their subsequent verification 
enable confidence in the practical application of polychromatic fluence in UV reactors. The use of viral 
surrogates (general characteristics displaying significant sensitivity below 230nm) when targeting viral 
pathogens (specifically when using the UVDGM) provides an opportunity to maximise the output of a 
MP lamp in this spectral region with the effect of making the reactor more efficient. However for this to 
be achieved requires the measurement of these wavelengths whilst incorporating their spectral 
weighting (using the related action spectrum) into the reactor fluence calculation, this being a significant 
technical challenge. As an implication the benefit of such incorporation would be dependent on the 
spectral transmission of the site’s water inclusive of any seasonal variation. In such a scenario the 
potential for undesirable consequences is also possible through the production of disinfection by-
products (DBPs) such as the conversion of nitrate to nitrite, which for example the DWI (2010) requires 
to be minimised through the selection of lamp sleeve. Therefore the benefits of measuring and including 
wavelengths below 230nm need to be weighed against the disadvantages. Since the benefits will be 
specific to a site and target pathogen a general quantification cannot be provided, the technical 
challenges involved in measurement are significant and there is potential for the production of DBPs, it 
is unlikely that any practical benefit will be obtained by using wavelengths below 240 nm. Instead 
improved use of investment is recommended to increase lamp output in the spectral region above 
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 The estimated figure being $991,998(USD) based on 6 reactors at an individual cost of $165,333 (USD) 
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240nm for increased efficiency rather than measurement below 240nm, which if successful would also 
be applicable to other validation protocols (ÖNORM (2003) and DVGW (2006)). 
Lamp Development- Excluding reactor design optimisation (e.g. hydraulic optimisation, lamp positioning 
etc.) the reactor efficiency will be determined by the efficiency of the lamp(s) in use. The findings 
provided in Chapter 7 are encouraging, offering the potential to not only provide the generation of UV 
radiation without Hg but also with a spectral output that is dominated by ER above 240nm, ideal for the 
spectral application in all three validation protocols. Further development is required prior to 
production, however the unique selling point of the lamp being Hg-free and the potential of increased 
efficiency within currently applied technology (e.g. lamp geometries and lamp driver) makes a strong 
case for further investment. 
Indirect Implications 
Throughout the project there have also been a number of stages in which experimental equipment 
performance has not been satisfactory and consequently required significant design and performance 
modifications. Two particularly important design improvements were made to the benefit of the 
industrial sponsors of this research: 
Collimated Beam Diversification- To enable assessment of direct photolysis of organic compounds with 
185nm, further design modifications were made to the QCB including the design and fitting of a `lamp 
hood’ inclusive of a gas purge system enabling the exposure of <200nm wavelengths when purged with 
nitrogen. 
System Modification- Following lamp life performance issues on a newly developed UV reactor which as 
part of its core design to optimise costs ran two lamps in series using a single ballast. A design 
assessment was carried out identifying a disproportionately high current to the combined voltage of 
both lamps, thus the likely cause of premature lamp life being tungsten vaporisation of the electrodes. A 
potential solution was proposed to increase the combined lamp voltage to the maximum that the lamp 
ballast could withstand with the effect of reducing the current and thus reducing electrode vaporisation. 
Subsequent testing confirmed the new lamp designed extended lamp life to meet the performance 
specification, enabling two cabinets (containing the associated lamp ballasts) rather than three 
(secondary design) therefore producing a saving of £7,906 per reactor (Table 9.1).  
 
 
 
 
175 
  
Table 9.1 Costs relating to reactor modifications 
 
 
 Cabinet Costs For 
3 Cabinet System 
Cabinet Costs For 2 
Cabinet System 
Savings 
Single System £23, 718 £15, 812 £7, 906 
5 Year Sales Projection – 
155 systems 
£3, 676, 290 £ 2, 450, 860 £1, 225, 430 
 The design modifications as described above, although indirectly related to the specific focus of the 
project research, have had a direct financial return to the company (Table 9.2). As the savings produced 
from the reactor modifications can be directly accounted as company profit, the net benefit (i.e. 
deducting the research project costs) from the project based on projected five years sales is estimated 
at approximately £1.1M. The overall return on capital employed for the project is 8.64 based purely on 
indirect benefits provided by the project.   
Table 9.2 Project cost summary 
 
Description  
Total Revenue  
(Including Projected Revenue 
from savings) 
£1, 225, 430 
Project Costs -£58, 000 
Equipment -£70, 486 
Balance £ 1, 109, 994 
 
 
Conclusions 
Direct and indirect benefits to the industrial sponsor have been identified, with the latter providing a 
8.64 return on capital employed. The direct implications of the research are less quantifiable and for the 
most part not only impact the industrial sponsors but also the wider UV industry, both immediately and 
in the future. The identification of methodological variables, their implications and proposed alterations 
provide additional confidence in the use of polychromatic UV reactors generally. There is potential for 
revolutionary impact following additional research into the findings of Chapters 6 and 7, and therefore 
future investment is recommended in these areas, both in respect of verifying the identified novel viral 
surrogates and development of the proposed plasma source of UVC ER generation.  Continuing with this 
research has the potential to increase the current fluence range of validation and reduce the whole life 
cost of a reactor, both of with are beneficial to the project sponsors and, in the long term, the wider 
water industry. 
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10. Conclusions 
 
The different aspects of research included in this project have all provided new information which has 
improved the understanding, application and optimisation of polychromatic UV fluence for water 
treatment. The specific conclusions relating to each original research question are provided below, with 
recommendations for further work suggested where needed: 
Research Question 1: Is the current experimental methodology that is used to assess polychromatic 
UV fluence accurate, robust and representative of the output of polychromatic UV disinfection 
reactors? 
The methodology for polychromatic UV fluence was found to be lacking in respect of lamp selection, 
lamp running conditions, and experimental monitoring. The internal pressure of the lamp was critical in 
producing a useable spectral output for germicidal polychromatic UV fluence exposures. 
Research Question 2: Can a high resolution action spectrum be produced across the complete 
germicidal range enabling accurate calculation of fluence delivered by medium pressure 
polychromatic UV lamps? 
Following a number of design iterations the use of two adjoining tuneable light sources (TLS) with a 
merged output for sample exposure was constructed. This apparatus, the first of its kind, enabled a high 
resolution (7.5nm bandwidth) output from 205nm to 300nm for the determination of action spectra of 
waterborne microorganisms. 
Research Question 3: What is the spectral sensitivity (action spectrum response) of T1 phage and 
how do the variables in the measurement of this UV sensitivity affect the calculation of 
polychromatic fluence? 
Significant differences in UV sensitivity were identified between T1UV and T1 phage and for each phage 
when using two different bacterial hosts. High resolution action spectra were produced for T1UV using 
both bacterial host strains. Polychromatic fluence calculated using these new action spectra was 
validated to confirm the accuracy of the action spectrum data. It is recommended that this new 
approach to polychromatic action spectrum determination be applied to other UV biodosimeters used 
in reactor validations, such as MS2 coliphage and Bacillus subtilis.  
Research Question 4: Can new viral surrogates be identified with desirable fluence-response 
qualities to improve the accuracy UV reactor validation and extend the upper limits of fluence that 
are testable in reactor validations?  
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The intrinsic sensitivity of selected potential viral surrogates was predicted using a genomic model. 
Three phage were identified for the first time as having highly desirable predicted UV sensitivities that 
can increase reactor validation, accuracy and the upper fluence limit of the validation window. 
Experimental confirmation of the predicted UV sensitivities of these phage is recommended as further 
research.  
Research Question 5: Is it possible to produce a functional high pressure polychromatic UV lamp 
with a greater spectral efficiency to that which is currently available with medium pressure mercury 
arc discharge lamps? 
A novel Hg-free lamp plasma using tellurium and iodine was created and sustained in standard lamp 
body diameters. Although initial proof-of-concept lamp outputs produced as part of this research were 
lower than the desired lamp efficiencies, ideal arc characteristics were exhibited which suggest 
significant potential for further development and future applications of this lamp. 
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12. Appendix A- Additional Information 
 
12.1 Additional Design Information for Chapter 3 – Design Specifications for QCB Holders 
 
Figure 12.1 Design information for petri dish holders 
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12.2 Additional Design Information for Chapter 4 
  
 QCB Methodology  
The improvements made to polychromatic QCB methodology in Chapter 3 involved the production, 
measuring and monitoring of UV radiation. The fundamental setup of any experiment to enable 
repeatable reliable results is critical, greater confidence can be had if frequent tasks required by the 
user are made simple with a minimal number of variables. During the initial use of the QCB irradiance 
measurements taken prior to and after sample exposure required the removal of the petri dish and 
water sample (placed on a magnetic stirrer), adjustment of the laboratory jack on which the experiment 
was placed (ensuring the measurement and exposure plane were equal) followed by the reversal of the 
process to carry out sample exposure. This not only requires height adjustment and centralisation of the 
petri dish/detector but also if using two different detectors (Figure 3.3 and Figure 12.2) as required for 
measurement verification, an agreeable height for all three.  Therefore holders were designed (Figure 
12.2) and built for both the petri dish (47mm x 12mm Aqua plate, Phoenix Biomedical, Mississauga, 
Canada) and the cosine corrector for the spectroradiometer DM150 selected in Chapter 3, this 
particularly enables measurement stability of the latter and repeatable location of the former. The 
combined heights of the magnetic stirrer with holder with petri dish (containing 10ml of sample) and 
the DM150 cosine corrector were both equal to the standing height of the SED240QNDS2 detector for 
use with the IL1700 radiometer (International Light, Peabody, USA) therefore requiring no height 
adjustment between sample exposure and measurement. 
 
Figure 12.2 Image of holder for DM150 detector (left), holder for petri dish (Right A), SED240QNDS2 
detector (Right B) and IL1700 radiometer (Right C) 
A 
B
 
 A 
C
 
 A 
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Figure 12.3 Graphical representation of holder designs for petri dish (left) and DM150 detector (right).  
 
. 
195 
  
 
12.21 Additional Information for Experimental Design 
 
Figure 12.4 Technical drawings of lower section of lamp bracket for initial tuneable light source 
adaptation (dimension specified in mm) 
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Figure 12.5 Technical drawings of upper section of lamp brackets for initial tuneable light source 
adaptation   
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Figure 12.6 Technical drawings of base block used for mount of petri dish/spectroradiometer detector  
  
Dimensions in mm 
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Holder for detector 
 
 
Figure 12.7 Technical drawings of block used to hold spectroradiometer detector 
To be mounted onto block described in Figure 10.3  
  
Dimensions in mm 
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Figure 12.8 Technical drawings of lower block to hold petri dish 
To be used in conjunction with lower block described in Figure 10.6 which when combined can mount 
into block described in Figure 10.3  
 
 
  
Dimensions in mm 
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Upper section of petri dish holder 
 
Figure 12.9 Technical drawings of upper block to hold petri dish 
To be used in conjunction with lower block described in Figure 10.5 which when combined can mount 
into block described in Figure 10.3  
 
 
 
 
Dimensions in mm 
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12.3 Additional Information T1 and T1UV Comparison 
 
 
Figure 12.10 Fluence-inactivation relationships for T1 with hosts 11303 and 700609 with linear 
relationship for each run displayed 
 
Figure 12.11 Fluence-inactivation relationships for T1UV with hosts 11303 and 700609 with linear 
relationship for each run displayed 
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12.4 Additional Data for Statistical Analysis 
Normality Tests for T1 Bacteriophage with host 11303 
 
Figure 12.12 Probability plot of 49 J m-2 target fluence with T1 phage and host 11303 with 95% 
confidence intervals 
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Figure 12.13 Distribution histogram using 5 bins from 49 J m-2 target fluence data using T1 phage and 
host 11303 
 
 
Figure 12.14 Probability plot of 98 J m-2 target fluence with T1 phage and host 11303 with 95% 
confidence intervals 
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Figure 12.15 Distribution histogram using 5 bins from 98 J m-2 target fluence data using T1 phage and 
host 11303 
 
 
Figure 12.16 Probability plot of 147 J m-2 target fluence with T1 phage and host 11303 with 95% 
confidence intervals 
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Figure 12.17 Distribution histogram using 5 bins from 147 J m-2 target fluence data using T1 phage and 
host 11303 
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Normality Tests for T1 bacteriophage with host 700609 
 
Figure 12.18 Probability plot of 49 J m-2 target fluence with T1 phage and host 700609 with 95% 
confidence intervals 
 
 
Figure 12.19 Distribution histogram using 5 bins from 49 J m-2 target fluence data using T1 phage and 
host 700609 
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Figure 12.20 Probability plot of 98 J m-2 target fluence with T1 phage and host 11303 with 95% 
confidence intervals 
 
 
Figure 12.21 Distribution histogram using 5 bins from 98 J m-2 target fluence data using T1 phage and 
host 700609 
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Figure 12.22 Probability plot of 147 J m-2 target fluence with T1 phage and host 11303 with 95% 
confidence intervals 
 
Figure 12.23 Distribution histogram using 5 bins from 147 J m-2 target fluence data using T1 phage and 
host 700609 
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Normality Tests for T1UV bacteriophage with host 11303 
 
Figure 12.24 Probability plot of 42 J m-2 target fluence with T1UV phage and host 11303 with 95% 
confidence intervals 
 
Figure 12.25 Distribution histogram using 5 bins from 42 J m-2 target fluence data using T1UV phage and 
host 11303 
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Figure 12.26 Probability plot of 84 J m-2 target fluence with T1UV phage and host 11303 with 95% 
confidence intervals 
 
 
Figure 12.27 Distribution histogram using 5 bins from 84 J m-2 target fluence data using T1UV phage and 
host 11303 
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Figure 12.28 Probability plot of 126 J m-2 target fluence with T1UV phage and host 11303 with 95% 
confidence intervals 
 
Figure 12.29 Distribution histogram using 5 bins from 126 J m-2 target fluence data using T1UV phage 
and host 11303 
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Normality Tests for T1UV bacteriophage with host 700609 
 
Figure 12.30 Probability plot of 42 J m-2 target fluence with T1UV phage and host 700609 with 95% 
confidence intervals 
 
Figure 12.31 Distribution histogram using  5 bins from 42 J m-2 target fluence data using T1UV phage and 
host 700609 
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Figure 12.32 Probability plot of 84 J m-2 target fluence with T1UV phage and host 700609 with 95% 
confidence intervals 
 
 
Figure 12.33 Distribution histogram using 5 bins from 84 J m-2 target fluence data using T1UV phage and 
host 700609 
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Figure 12.34 Probability plot of 126 J m-2 target fluence with T1UV phage and host 700609 with 95% 
confidence intervals 
 
Figure 12.35 Distribution histogram using 5 bins from 126 J m-2 target fluence data using T1UV phage 
and host 700609 
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Table 12.1 Statistical assessment by day/run 
Bacteriophage Host Group Target Fluence p-value H0 
T1 11303 A 49 0.335 Reject 
T1 11303 A 98 0.023 Fail to reject 
T1 11303 A 147 0.292 Reject 
T1 11303 B 49 0.497 Reject 
T1 11303 B 98 0.107 Reject 
T1 11303 B 147 0.465 Reject 
T1 11303 C 49 0.260 Reject 
T1 11303 C 98 0.592 Reject 
T1 11303 C 147 0.195 Reject 
T1 11303 D 49 0.772 Reject 
T1 11303 D 98 0.581 Reject 
T1 11303 D 147 0.508 Reject 
T1 11303 E 49 0.833 Reject 
T1 11303 E 98 0.647 Reject 
T1 11303 E 147 0.568 Reject 
T1 700609 A 49 0.240 Reject 
T1 700609 A 98 0.063 Reject 
T1 700609 A 147 0.805 Reject 
T1 700609 B 49 0.333 Reject 
T1 700609 B 98 0.581 Reject 
T1 700609 B 147 0.617 Reject 
T1 700609 C 49 0.699 Reject 
T1 700609 C 98 0.189 Reject 
T1 700609 C 147 0.105 Reject 
T1 700609 D 49 0.211 Reject 
T1 700609 D 98 0.507 Reject 
T1 700609 D 147 0.526 Reject 
T1 700609 E 49 0.326 Reject 
T1 700609 E 98 0.116 Reject 
T1 700609 E 147 0.043 Fail to reject 
T1UV 11303 A 42 0.262 Reject 
T1UV 11303 A 84 0.520 Reject 
T1UV 11303 A 126 0.896 Reject 
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T1UV 11303 B 42 0.124 Reject 
T1UV 11303 B 84 0.240 Reject 
T1UV 11303 B 126 0.136 Reject 
T1UV 11303 C 42 0.932 Reject 
T1UV 11303 C 84 0.679 Reject 
T1UV 11303 C 126 0.691 Reject 
T1UV 11303 D 42 0.660 Reject 
T1UV 11303 D 84 0.644 Reject 
T1UV 11303 D 126 0.147 Reject 
T1UV 11303 E 42 0.803 Reject 
T1UV 11303 E 84 0.535 Reject 
T1UV 11303 E 126 0.660 Reject 
T1UV 700609 A 42 0.129 Reject 
T1UV 700609 A 84 0.132 Reject 
T1UV 700609 A 126 0.167 Reject 
T1UV 700609 B 42 0.070 Reject 
T1UV 700609 B 84 0.113 Reject 
T1UV 700609 B 126 0.055 Reject 
T1UV 700609 C 42 0.254 Reject 
T1UV 700609 C 84 0.302 Reject 
T1UV 700609 C 126 0.331 Reject 
T1UV 700609 D 42 0.059 Reject 
T1UV 700609 D 84 0.311 Reject 
T1UV 700609 D 126 0.874 Reject 
T1UV 700609 E 42 0.046 Fail to reject 
T1UV 700609 E 84 0.254 Reject 
T1UV 700609 E 126 0.877 Reject 
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Additional Data Produced from Two Way ANOVA carried out in Minitab 
T1B 
Two-way ANOVA: Log Inactivation B versus Host, Fluence  
 
Source       DF       SS       MS        F      P 
Host          1   5.2129   5.2129   740.02  0.000 
Fluence       2  21.6436  10.8218  1536.26  0.000 
Interaction   2   0.1123   0.0561     7.97  0.002 
Error        24   0.1691   0.0070 
Total        29  27.1378 
 
S = 0.08393   R-Sq = 99.38%   R-Sq(adj) = 99.25% 
 
 
                 Individual 95% CIs For Mean Based on 
                 Pooled StDev 
Host       Mean  ---------+---------+---------+---------+ 
 11303  2.65742                                    (*-) 
700609  1.82373  (-*-) 
                 ---------+---------+---------+---------+ 
                        2.00      2.25      2.50      2.75 
 
 
                  Individual 95% CIs For Mean Based on 
                  Pooled StDev 
Fluence     Mean   -+---------+---------+---------+-------- 
 49      1.21447   (*) 
 98      2.21278                    (*) 
147      3.29447                                      (*) 
                   -+---------+---------+---------+-------- 
                  1.20      1.80      2.40      3.00 
 
T1C 
Two-way ANOVA: Log Inactivation C versus Host, Fluence  
 
Source       DF       SS       MS        F      P 
Host          1   6.4686   6.4686  1801.70  0.000 
Fluence       2  21.4959  10.7480  2993.63  0.000 
Interaction   2   0.0599   0.0300     8.34  0.002 
Error        24   0.0862   0.0036 
Total        29  28.1106 
 
S = 0.05992   R-Sq = 99.69%   R-Sq(adj) = 99.63% 
 
 
                 Individual 95% CIs For Mean Based on 
                 Pooled StDev 
Host       Mean  ---------+---------+---------+---------+ 
 11303  2.74761                                        (*) 
700609  1.81891  (-*) 
                 ---------+---------+---------+---------+ 
                        2.00      2.25      2.50      2.75 
 
 
                  Individual 95% CIs For Mean Based on 
                  Pooled StDev 
Fluence     Mean  ---------+---------+---------+---------+ 
 49      1.27750  *) 
 98      2.22387                 (*) 
147      3.34840                                    (* 
                  ---------+---------+---------+---------+ 
                         1.80      2.40      3.00      3.60 
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T1D 
Two-way ANOVA: Log Inactivation D versus Host, Fluence  
 
Source       DF       SS       MS        F      P 
Host          1   4.0534  4.05343  1160.91  0.000 
Fluence       2  18.8377  9.41887  2697.58  0.000 
Interaction   2   0.0545  0.02726     7.81  0.002 
Error        24   0.0838  0.00349 
Total        29  23.0295 
 
S = 0.05909   R-Sq = 99.64%   R-Sq(adj) = 99.56% 
 
 
                 Individual 95% CIs For Mean Based on 
                 Pooled StDev 
Host       Mean  --------+---------+---------+---------+- 
 11303  2.60648                                       (*-) 
700609  1.87132  (-*) 
                 --------+---------+---------+---------+- 
                       2.00      2.20      2.40      2.60 
 
 
                  Individual 95% CIs For Mean Based on 
                  Pooled StDev 
Fluence     Mean  ---------+---------+---------+---------+ 
 49      1.29240  (* 
 98      2.19253                 (* 
147      3.23176                                  (*) 
                  ---------+---------+---------+---------+ 
                         1.80      2.40      3.00      3.60 
 
 
 
T1UVA 
Two-way ANOVA: Inactivation A versus Host, Fluence  
 
Source       DF       SS       MS        F      P 
Host          1   2.2424   2.2424  1250.88  0.000 
Fluence       2  20.6133  10.3067  5749.49  0.000 
Interaction   2   0.0229   0.0115     6.40  0.006 
Error        24   0.0430   0.0018 
Total        29  22.9216 
 
S = 0.04234   R-Sq = 99.81%   R-Sq(adj) = 99.77% 
 
 
                 Individual 95% CIs For Mean Based on 
                 Pooled StDev 
Host       Mean   -+---------+---------+---------+-------- 
 11303  2.64817                                       (-*) 
700609  2.10138   (*-) 
                  -+---------+---------+---------+-------- 
                 2.10      2.25      2.40      2.55 
 
 
                  Individual 95% CIs For Mean Based on 
                  Pooled StDev 
Fluence     Mean  -------+---------+---------+---------+-- 
 42      1.38351  *) 
 84      2.32847                 (* 
126      3.41236                                   (* 
                  -------+---------+---------+---------+-- 
                       1.80      2.40      3.00      3.60 
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T1UVB 
Two-way ANOVA: Inactivation B versus Host, Fluence  
 
Source       DF       SS       MS        F      P 
Host          1   2.5952  2.59519   680.35  0.000 
Fluence       2  19.0112  9.50559  2491.97  0.000 
Interaction   2   0.0233  0.01167     3.06  0.066 
Error        24   0.0915  0.00381 
Total        29  21.7213 
 
S = 0.06176   R-Sq = 99.58%   R-Sq(adj) = 99.49% 
 
 
                 Individual 95% CIs For Mean Based on 
                 Pooled StDev 
Host       Mean  ---------+---------+---------+---------+ 
 11303  2.44476                                (*-) 
700609  1.85652  (-*) 
                 ---------+---------+---------+---------+ 
                        2.00      2.20      2.40      2.60 
 
 
                  Individual 95% CIs For Mean Based on 
                  Pooled StDev 
Fluence     Mean   -+---------+---------+---------+-------- 
 42      1.19201   (*) 
 84      2.11876                   *) 
126      3.14116                                    *) 
                   -+---------+---------+---------+-------- 
                  1.20      1.80      2.40      3.00 
 
  
T1UVC 
Two-way ANOVA: Inactivation C versus Host, Fluence  
 
Source       DF       SS       MS        F      P 
Host          1   2.5699   2.5699  1326.19  0.000 
Fluence       2  20.1425  10.0712  5197.26  0.000 
Interaction   2   0.0310   0.0155     8.00  0.002 
Error        24   0.0465   0.0019 
Total        29  22.7899 
 
S = 0.04402   R-Sq = 99.80%   R-Sq(adj) = 99.75% 
 
 
                 Individual 95% CIs For Mean Based on 
                 Pooled StDev 
Host       Mean  ------+---------+---------+---------+--- 
 11303  2.43072                                      (-*) 
700609  1.84536  (*-) 
                 ------+---------+---------+---------+--- 
                     1.92      2.08      2.24      2.40 
 
 
                  Individual 95% CIs For Mean Based on 
                  Pooled StDev 
Fluence     Mean   -+---------+---------+---------+-------- 
 42      1.14538   *) 
 84      2.11660                   *) 
126      3.15215                                    (* 
                   -+---------+---------+---------+-------- 
                  1.20      1.80      2.40      3.00 
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T1UVD 
Two-way ANOVA: Inactivation D versus Host, Fluence  
 
Source       DF       SS       MS        F      P 
Host          1   3.8272  3.82722  1555.27  0.000 
Fluence       2  18.9230  9.46149  3844.87  0.000 
Interaction   2   0.0650  0.03248    13.20  0.000 
Error        24   0.0591  0.00246 
Total        29  22.8742 
 
S = 0.04961   R-Sq = 99.74%   R-Sq(adj) = 99.69% 
 
 
                 Individual 95% CIs For Mean Based on 
                 Pooled StDev 
Host       Mean  --+---------+---------+---------+------- 
 11303  2.49147                                     (-*) 
700609  1.77712  (*) 
                 --+---------+---------+---------+------- 
                 1.80      2.00      2.20      2.40 
 
 
                  Individual 95% CIs For Mean Based on 
                  Pooled StDev 
Fluence     Mean   -+---------+---------+---------+-------- 
 42      1.19302   (* 
 84      2.07423                  (* 
126      3.13564                                    *) 
                   -+---------+---------+---------+-------- 
                  1.20      1.80      2.40      3.00 
 
 
Non Parametric Statistical Analysis 
T1 Friedman Test: Inactivation versus Host blocked by Fluence  
 
S = 75.00  DF = 1  P = 0.000 
 
                        Sum of 
Host     N  Est Median   Ranks 
 11303  75      2.6680   150.0 
700609  75      1.7993    75.0 
 
Grand median = 2.2336 
 
T1UV Friedman Test: Inactivation 1 versus Host_1 blocked by Fluence 1  
 
S = 75.00  DF = 1  P = 0.000 
 
                        Sum of 
Host_1   N  Est Median   Ranks 
 11303  75      2.4463   150.0 
700609  75      1.8219    75.0 
 
Grand median = 2.1341 
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Figure 12.36 Raw inactivation photon based AS data for T1UV phage and host 700609 (Graph 1) 
 
 
Figure 12.37 Raw inactivation photon based AS data for T1UV phage and host 700609 (Graph 2) 
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Figure 12.38 Raw inactivation photon based AS data for T1UV phage and host 700609 (Graph 3) 
 
 
Figure 12.39  Raw inactivation photon based AS data for T1UV phage and host 11303 (Graph 1) 
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Figure 12.40 Raw inactivation photon based AS data for T1UV phage and host 11303 (Graph 2) 
 
Figure 12.41 Raw inactivation photon based AS data for T1UV phage and host 11303 (Graph 3) 
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Table 12.2 Temperature measurements during AS measurements 
Date Wavelength (nm) 
Lowest 
Temperature (°C) 
Highest 
Temperature (°C) 
25/02/14 205 25.6 27.8 
11/03/14 205 24.6 27.8 
21/02/14 215 26.3 27.0 
26/02/14 215 25.6 27.3 
22/02/14 230 26.9 27.8 
26/02/14 230 25.6 27.3 
13/03/14 240 26.4 28.1 
23/02/14 255 26.7 27.0 
13/03/14 255 28.0 28.1 
23/02/14 265 27.2 27.6 
27/02/14 265 27.3 27.4 
13/03/14 265 28.3 28.0 
21/02/14 275 27.1 27.7 
28/02/14 275 27.0 26.7 
22/02/14 290 26.3 26.9 
28/02/14 290 26.7 26.7 
28/02/14 300 26.4 26.9 
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13. Appendix B- Methods and Materials 
 
The following procedures was produced by merging two separate methods that for T1UV provided by 
Tomas Hargy, and that of MS2 developed by Pulin Modal. 
13.1 T1 and T1UV Media Specifications 
The media referred to in enumeration and propagation for T1 and T1UV phage methods are as follows: 
Table 13.1 Constituent details of tryptone soya broth 
Tryptone Soya Broth – TSB 
Used in complete form prepared by Oxoid (Basinstoke, UK)– Product Code: CM0129 
Constituents g/litre 
Pancreatic digest of casein 17.0 
Enzymatic digest of soya bean 3.0 
Sodium chloride 5.0 
Dipotassium hydrogen phosphate 2.5 
Glucose 2.5 
 
Table 13.2 Constituent details of alternative tryptone soya broth 
Tryptone Soya Broth + Glucose – TYB 
Constituents g/litre 
Trypticase peptone 5.0 
Yeast extract 2.5 
Sodium chloride 9.5 
Calcium chloride/glucose solution (Table 11.5) 10 ml 
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Table 13.3 Constituent details of tryptone soya agar bottom layer + glucose 
Tryptone Soya Agar + Glucose – TYAb 
Constituents g/litre 
Trypticase peptone 5.0 
Yeast extract 2.5 
Sodium chloride 9.5 
Agar 15 
Calcium chloride/glucose solution (Table 11.5) 
(Add after autoclaving at 121°C for 15 minutes) 
10 ml 
 
Table 13.4 Constituent details of tryptone soya agar top layer 
Tryptone Soya Agar + Glucose – TYAt 
Constituents g/litre 
Trypticase peptone 5.0 
Yeast extract 2.5 
Sodium chloride 9.5 
Agar 11 
Calcium chloride/glucose solution (Table 11.5) 
(Add after autoclaving at 121°C for 15 minutes) 
10 ml 
 
Table 13.5 Constituent details of calcium chloride/glucose solution 
Calcium chloride/glucose solution 
Filter through 0.2µm membrane to sterilise prior to use/storage 
Constituents g/litre 
Glucose 100 
Calcium chloride dehydrate 30 
 
13.1 T1 and T1UV Propagation 
The propagation of T1 and T1UV bacteriophage was carried out using the following method: 
1. Prepare 200ml of TYB (see table 11.2) in a 500ml autoclavable polypropylene container 
inserting a floating magnetic stirring bar. 
2. Prepare an overnight culture of host bacteria using with 50ml of TYB (Table 1.1) spiked with 
100µl of host culture incubated (not shaken) at 37°C. 
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3. Add 2ml of overnight host culture (point 2) to 200ml of TYB (point 1) stirring at approximately 
200rpm for 4 hours. 
4. After 4 hours add 4ml of phage stock at to host culture (point 3) incubating at 37°C overnight. 
5. Centrifuge solution at 7000rpm for 10mins at 4°C. 
6. Filter centrate from point 5 through a 0.45µm membrane and refrigerate. 
13.2 T1 and T1UV Enumeration 
1. Inoculate 10ml of TSB (Fig 11.1) with 100 µl of host culture and leave overnight. 
2. Leave overnight  the required agar plates allowing them to reach room temperature 
3. Take sample volume for 1cm path length cuvette (approx. 4ml) from a 50ml TYB to blank 
spectrophotometer and inoculate remaining volume with 100µl of host bacteria. 
4. When absorbance of the sample (blanked using TYB) reaches 0.5 at 520nm decant into 10ml 
test tube and place on ice. 
5. Add 100µl of host sample and (ideally but dependent  on dilution series of sample) with 100µl of 
phage sample (i.e. irradiated water sample) and 5ml of TYAt (TYAt being previous melted in 
beaker of boiling water and tempered to 48°C in water bath) into sterile 10ml screw cap test 
tube 
6. Rotate/rock test tube side to side for three full rotations or equivalent (rolling the tube reduces 
the formation of bubbles). 
7. Pour mixture from point 5 onto labelled petri dish containing TYAb. 
8. Allow top agar to set, invert and incubate at 37°C overnight 
9. Count plaques from plates on the following day taking into account dilutions used 
13.3 Photos relating to T1 and T1UV Propagation and Enumeration 
 
Figure 13.1 Images of E.coli 11303 and 700609 and Phage T1UV 
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13.4 Actinometry Protocol using KI/KIO3  
This method is based upon that provided by Professor Jim Bolton (with minimal alterations) determined 
from Bolton, Stefan and Shaw (2011): 
Method 
Initially verify a 5ml volume of a suitably sized pipette and pipette tip by dispensing deionised water on 
a weighing balance (1 litre = 1 Kg) . Ensure lamp has been running for at least 1 hour prior to exposures. 
Measure using callipers measure the internal diameter of washer suitable to be place onto a 10ml petri 
dish for exposures. 
1. Prepare 100ml of KI/KIO3 Actinometry stock solution (KI= 0.6M, KIO3=0.01M, 
Na2B4O7·H20=0.01M) using the following constituents (Use within 4 hours of production): 
a) KI- 9.96g 
b) KIO3- 0381g 
c) Sodium tetraborate (Na2B4O7·H20)- 0.381g 
d) 100ml of deionised water 
2. Measure absorbance of actinometry stock solution (10mm path length) at 300nm and 352nm to 
verify correct constituency of solution, values should be 0.58 and 0.02 respectively 
3. Measure irradiance with radiometer at centre of exposure area (designated Radiometer 
E(before) 
4. Measure irradiance with spectroradiometer of exposure area (designated Spectroradiometer 
E(before) 
5. Add 5ml of actinometry stock to a 10ml petri dish and place washer on top petri dish and place 
in exposure area for 8 mins (without opening shutter). Designate this A352 (Blank 1) and measure 
absorbance at 352nm. (Ensure washer is the same level as calibration plane of detector) 
6. Measure temperature of solution with thermocouple. Designate this t(before) 
7. Add 5ml of Add 5ml of actinometry stock to a 10ml petri dish and place washer on top petri dish 
and place in exposure area and expose to UV for 8 mins. Call this A352 (Sample 1) and measure 
absorbance at 352nm 
8. Measure temperature of solution with thermocouple. Designate this t(after) 
9. Repeat steps 6-8 three times 
10. Repeat step 5 and designate A352 (Blank 2) 
11. Measure irradiance with radiometer at centre of exposure area (designated Radiometer E(after) 
(Ensuring that the calibration plane of the detector is at the same level as the washer)) 
12. Measure irradiance with spectroradiometer of exposure area (designated Spectroradiometer 
E(after)) 
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Calculation of Radiometer Adjustment Factor 
13.5 Spectral Data for Lamp Germicidal Calculations (Chapter 7) 
Wavelength 
(nm) 
Spectrum A Spectrum B 
200 7.626441 0 
201 7.365533 0 
202 7.099469 0 
203 6.829538 0 
204 6.557028 0 
205 6.283229 0 
206 6.009431 0 
207 5.736921 0 
208 5.466989 0 
209 5.200925 0 
210 4.940018 0 
211 4.685556 0 
212 4.438829 0 
213 4.201127 0 
214 3.973737 0 
215 3.757949 0 
216 3.554702 0 
217 3.363523 0 
218 3.183593 0 
219 3.014089 0 
220 2.85419 0 
221 2.703074 0 
222 2.559918 0 
223 2.423902 0 
224 2.294204 0 
225 2.170001 0 
226 2.050473 0.059056 
227 1.934797 0.17426 
228 1.822153 0.246073 
229 1.711717 0.287407 
230 1.602668 0.311177 
231 1.494532 0.330295 
232 1.38822 0.353552 
233 1.284989 0.374151 
234 1.186099 0.395026 
235 1.092808 0.420318 
236 1.006372 0.445452 
237 0.928052 0.470886 
238 0.859105 0.499945 
239 0.800789 0.526106 
240 0.754362 0.55228 
241 0.720703 0.583151 
 
242 0.699166 0.611674 
243 0.688726 0.641979 
244 0.688358 0.681523 
245 0.697037 0.715069 
246 0.713738 0.754055 
247 0.737436 0.791892 
248 0.767105 0.827682 
249 0.80172 0.860883 
250 0.840257 0.897389 
251 0.881689 0.92329 
252 0.924993 0.951733 
253 0.969142 0.981023 
254 1.013111 1.007849 
255 1.055876 1.032774 
256 1.09652 1.054977 
257 1.134569 1.075017 
258 1.169654 1.09447 
259 1.201409 1.115094 
260 1.229468 1.133745 
261 1.253464 1.148919 
262 1.27303 1.16535 
263 1.2878 1.173864 
264 1.297407 1.177461 
265 1.301484 1.176088 
266 1.299796 1.16978 
267 1.292625 1.157264 
268 1.280388 1.142335 
269 1.263499 1.125066 
270 1.242371 1.103879 
271 1.21742 1.083269 
272 1.189061 1.060607 
273 1.157708 1.035829 
274 1.123776 1.009396 
275 1.087678 0.982997 
276 1.049797 0.956115 
277 1.01038 0.924204 
278 0.969642 0.893795 
279 0.927796 0.865919 
280 0.885056 0.834101 
281 0.841637 0.802285 
282 0.797753 0.77257 
283 0.753618 0.742967 
284 0.709446 0.710921 
285 0.665452 0.678936 
 
286 0.621849 0.645692 
287 0.578853 0.607634 
288 0.536676 0.573219 
289 0.495533 0.542326 
290 0.455639 0.509549 
291 0.417147 0.480591 
292 0.379972 0.451243 
293 0.343966 0.418519 
294 0.308984 0.388772 
295 0.27488 0.358584 
296 0.241507 0.329929 
297 0.208719 0.301636 
298 0.17637 0.274777 
299 0.144314 0.251462 
300 0.112403 0.225267 
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14. Appendix C- QA/QC 
 
14.1 Calibration of Spectroradiometer for Use in Chapter 4 and 5 
 
 
Figure 14.1: Verification of spectroradiometer calibration 09/0913 using calibration certificate 143455 
  
0
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
200 220 240 260 280 300 320 340 360 380 400
W
 m
-2
 n
m
-1
 
Wavelenth (nm) 
Calibration File Data Scan Post Calibration
231 
  
 
 
Figure 14.2: Calibration certificate for lamp used on 09/09/13 and 30/10/13 
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Figure 14.3 Verification of spectroradiometer calibration 09/09/13 using calibration certificate 143455 
 
 
Figure 14.4 Verification of spectroradiometer calibration 01/11/13 using calibration certificate 159104 
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Figure 14.5  : Calibration certificate for lamp used on 01/11/13  
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14.2 Verification of Spectroradiometer Measurements 
The methodological developments of practical methods used for the production of data for action 
spectra  
Table 14.1 Comparison of LP measurements in QB in the same conditions using different 
spectroradiometer calibration files  
Measurement Number Equipment Calibration Date Result 
W m-2 
1 IL 1700 N/A 0.57 
2 DM 150 30/10/13 0.63 
3 DM150 09/09/13 0.55 
4 IL 1700 N/A 0.57 
5 DM 150 30/10/13 0.64 
6 DM150 09/09/13 0.55 
7 IL 1700 N/A 0.57 
8 DM 150 30/10/13 0.64 
9 DM150 09/09/13 0.55 
(Undertaken on 30/10/13) 
 
Figure 14.6 Verification of calibration using the same calibration of original calibration.  
(Inference being that the calibration lamp has changed hence the need for recalibration on 01/11/13) 
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Table 14.2 Comparison of LP measurements in QCB using calibration from the 01/11/13 with a single 
verification using calibration from 30/10/13 
Measurement Number Equipment Calibration Date Result 
W m-2 
1 DM 150 01/11/13 0.58 
2 IL 1700 N/A 0.55 
3 DM 150 01/11/13 0.58 
4 IL 1700 N/A 0.55 
5 DM 150 01/11/13 0.58 
6 IL 1700 N/A 0.55 
7 DM 150 30/10/13 0.60 
 
14.3 Measurements and verification of measuring equipment 
Table 14.3 Measurement of Custom Glass Petri Dishes (24/05/13) 
Petri Dish Number Height (mm) Outer Diameter (mm) 
1 14.26 12.01 
2 14.68 11.99 
3 14.24 12.00 
4 14.26 12.01 
5 14.34 12.00 
6 14.22 11.98 
7 14.57 11.93 
8 14.01 11.97 
9 14.03 11.99 
10 14.34 11.97 
11 14.37 11.98 
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Table 14.4 Measurement of larger custom quartz petri dishes (19/09/13)  
Petri Dish Number Height (mm) Outer Diameter 
(mm) 
Inner Diameter 
(mm) 
Base Thickness* 
(mm) 
1 14.35 11.94 9.88 ~1.35 
2 13.49 11.92 9.87 ~1.39 
3 13.63 11.89 9.85 ~1.53 
4 14.29 11.93 9.81 ~1.29 
5 14.29 11.94 9.81 ~1.29 
6 14.21 11.99 9.89 ~1.21 
7 14.25 11.95 9.86 ~1.25 
8 14.28 11.97 9.88 ~1.28 
9 14.26 11.94 9.83 ~1.26 
10 14.26 12.02 9.80 ~1.26 
11 14.23 11.94 9.78 ~1.23 
12 14.27 11.98 9.85 ~1.27 
13 14.24 11.96 9.90 ~1.24 
14 14.30 11.94 9.72 ~1.30 
15 14.18 11.86 9.86 ~1.18 
16 14.24 11.93 9.84 ~1.24 
17 14.26 11.98 9.86 ~1.26 
18 14.25 11.95 9.83 ~1.25 
Mean 14.18 11.95 9.84 1.28 
3 S.F. 14.2 12.0 9.8 1.3 
*Approximate values specified due to 1mm increment on depth gauge  
Values obtained have slight variations however these low levels of imperfections are not necessarily 
homogenic and thus selection from the table seems unwarranted. Hence a mean figure was selected for 
internal diameter, base thickness and height (although the latter assumed to have negligible impact 
when discussing terms in region of approx. +/- mm above that of sample 
Comments- measuring particularly ID was slightly variable due to curves at base to sides for quartz 
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Table 14.5 Measurement of smaller custom quartz petri dishes (19/09/13) 
Petri Dish Number Height (mm) Outer Diameter (mm) Inner Diameter (mm) 
1 6.85 11.93 9.80 
2 6.99 12.04 9.86 
3 6.93 11.92 9.67 
4 7.00 11.95 9.87 
5 6.88 11.96 9.85 
6 6.92 11.97 9.91 
7 6.84 11.94 9.75 
8 6.85 12.00 9.86 
9 6.94 11.95 9.84 
10 6.97 11.92 9.72 
11 6.92 11.97 9.89 
12 6.69 11.95 9.75 
13 6.88 11.98 9.85 
14 6.75 12.02 9.86 
15 7.04 11.95 9.83 
16 7.05 11.97 9.91 
17 7.05 11.96 9.90 
18 6.84 11.99 9.91 
19 6.84 12.05 9.94 
 
Table 14.6 Verification of pipette dispensing with deionised water dispensed and measured on digital 
balance (02/07/13) 
Pipette Volume Measurement 1 Measurement 2 Measurement 3 
0.1-1ml Pipette 
0.1ml 
0.101g 0.098g 0.103g 
0.1-1ml Pipette 
0.5ml 
0.508g 0.506g 0.505g 
0.1-1ml Pipette 
1.0ml 
1.015g 1.009g 1.011g 
100-200 µl Pipette 
50µl 
0.050g 0.050g 0.049g 
100-200 µl Pipette 
100µl 
0.100g 0.100g 0.099g 
100-200 µl Pipette 
100µl 
0.150g 0.150g 0.149g 
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Table 14.7 Verification of pipette volumes throughout biological practical Chapters 4 and 5. Deionized 
water dispensed and measured with laboratory balance 
Date Volume Dispensed (ml) Weight measured (g) 
18/09/13 0.9 0.905 
 0.9 0.905 
 0.9 0.905 
 0.1 0.099 
 0.1 0.099 
 0.1 0.100 
01/10/13 0.9 0.902 
 0.9 0.900 
 0.9 0.901 
 0.1 0.097 
 0.1 0.099 
 0.1 0.098 
03/10/13 0.9 0.904 
 0.9 0.899 
 0.9 0.898 
 0.5 0.499 
 0.5 0.497 
 0.5 0.498 
 0.1 0.100 
 0.1 0.098 
 0.1 0.100 
14/11/13 0.9 0.911 
 0.9 0.905 
 0.9 0.906 
 0.75 0.754 
 0.75 0.752 
 0.75 0.752 
 0.1 0.099 
 0.1 0.098 
 0.1 0.099 
19/11/13 0.1 0.099 
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 0.1 0.098 
 0.1 0.099 
 0.25 0.245 
 0.25 0.246 
 0.25 0.246 
 0.9 0.902 
 0.9 0.901 
 0.9 0.899 
 0.06 0.058 
 0.06 0.059 
 0.06 0.059 
23/11/13 0.05 0.050 
 0.05 0.050 
 0.05 0.049 
 0.1 0.098 
 0.1 0.099 
 0.1 0.099 
 0.9 0.906 
 0.9 0.901 
 0.9 0.901 
 0.25 0.248 
 0.25 0.249 
 0.25 0.246 
 0.75 0.748 
 0.75 0.748 
 0.75 0.746 
13/12/13 0.1 0.099 
 0.1 0.099 
 0.1 0.099 
 0.05 0.049 
 0.05 0.049 
 0.05 0.049 
 0.9 0.910 
 0.9 0.907 
 0.9 0.908 
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Chapter 7 
 
Figure 14.7 Calibration certificate for PM6000 power analyser 
